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Abstract
Various materials and technologies have been employed for the fabrication of brain
machine interfaces to controle and monitor neural activity. However, the short-term
recording of neural activity resulting from the use of high invasive interfaces and
the weakness of the signals recorded by high impedance electrodes are significant
limitations of the current neural interfaces. Furtheremore, the large size and small
number of electrodes in the brain-machine interfaces as well as the complexity of
their fabrication limit the resolution of their measurements.
Nanotube structures have attracted tremendous attention in recent years in many
applications. Among such nanotube structures, TiO2 nanotubes have received
paramount attention in the medical domain due to their unique properties, rep-
resented by high corrosion resistance, good mechanical properties, high specific
surface area, as well as great cell proliferation, adhesion and mineralization. Al-
though lot of research has been reported in developing optimized titania nanotube
structures for different medical applications, low electrical conductivity and low
charge storage capacitance limit the use of titania nanotube structures in some
important medical applications. Neural interfaces is one of these important ap-
plications. In this work, the possibility of using TiO2 nanotube arrays that were
grown using electrochemical anodization technique, as a micro/nano electrode for
neural interfacing was investigated . The morphology of fabricated nanotube ar-
rays were found to be significantly affected by the applied voltage. Annealing and
doping has been performed to improve the structural and electrical properties of
TiO2 nanotube arrays. It was found that the annealing in air and in the atmo-
sphere of nitrogen for 3 hours improves the electrical conductivity of the nanotube
arrays. Doping via anodization was used to fabricate N,Zn,C, Sr and Cu doped
nanotube arrays. The effect of adding the dopant to the cells electrolyte on the mor-
phology, electrochemical properties and biocompatibility of the doped nanotube
arrays was discussed. Two types of cells (VERO cells and neurons) were cultured
on the doped nanotube arrays. VERO cells are favourable for cytotoxicity studies
and for evaluation of cell-substrate interactions in biomaterial research. To inves-
tigate the toxic effect of the doped TiO2 nanotube arrays on neurons and to figure
out the cell-electrode coupling, neurons were cultured on the doped nanotube ar-
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rays. It was observed that copper doped nanotubes anodized at a constant voltage
of 40 V for 1 hour in an electrolytes of ethylene glycol containing 0.5 wt% NH4F,
4 vol% deionized water and 0.2 M of copper nitrate with morphology consisting
of 56 nm diameter, 38 nm wall thickness and tube length of 1 µm annealed in the
atmosphere of nitrogen could be good candidate to be used as electrodes for bio-
logical interfacing. This is due to the fact that the copper doped nanotubes with
aforementioned morphology possess great properties necessary for effective biolog-
ical interfacing such as low impedance (0.295 KΩ/4.9 mm2), high capacitance (130
F/gm) and good biocompatibility.
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Chapter 1
Introduction
Different metallic and non-metallic based electrodes have been improved to mea-
sure the neural activities and process the information in the neural networks. Elec-
trical interfaces with different shapes of electrodes such as mushroom shaped micro-
electrodes, planer-type microelectrodes and microwire electrodes made of metallic
or non-metallic materials like gold, platinum, silicon and stainless steel were used
in brain machine interfaces to treat patients suffering from neurological disor-
ders. However, current interfaces face real challenges represented by tissue damage
and inflammation caused by the poor contact between the stiff interfaces and
the soft neural tissue, low signals to noise ratio for the signals recorded by high
impedance electrodes, the inability of communication with very small nerves be-
cause of the large size of electrodes and inaccurate measurements resulting from
the bending of microelectrodes.
Biomaterials of nanoscale structure have attracted significant attention in recent
years due to their unique properties, including high corrosion resistance, non-
magnetism, low specific gravity and high strength as well as their good biocom-
patibility and specific surface area for improved cell adhesion and biological plastic-
ity [1,2]. Among different structures of TiO2, nanotubes are given special attention
due to their high biocompatibility, large surface area and cheap and easy fabrica-
tion process. This has enabled the successful use of TiO2 nanotubes in medical ap-
plications, such as drug delivery, orthopaedic and dental implants [3–5]. TiO2 nan-
otubes have also been used as drug-eluting implants capable of releasing the drug
directly from its surface to prevent infection with minimum side effects [6]. This
is due to the fact that TiO2 nanotubes can be fabricated without the need of an
additional coating process and can keep their nanostructure without any delami-
nation from the surface [6]. However, the low conductivity of the pure form and the
amorphous nature of TiO2 nanotube arrays resulting from anodization is a signif-
icant obstacle that limits them to be applied as electrochemical electrodes [7]. To
overcome this problem, chemical and physical approaches including annealing in
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different gases, anodization and chemical deposition were employed to introduce
transition metals or nonmetal elements on TiO2 lattice [8].
“The key philosophical theme of modern neural science is that all behavior is a
reflection of brain functions” [9]. Extracellular and intracellular recordings are two
major methods that have been developed to measure the neural electrical activity
resulting from unequal distribution of ions across cellular membrane [10]. It has
been established that the vertical geometry of the nanoelectrodes has a major im-
pact on improving the signal detection by reducing the membrane-electrode gap
and increasing the contact area as a result of the wrap of the plasma membrane
around the electrode [11–14]. Electrical interfaces with different geometries and
sizes have been developed as electrodes for measuring action potential and investi-
gation of neural information processing in neural networks. Planar type microelec-
trodes made of non-toxic and high corrosion resistant metals such as gold, platinum
and iridium are common electrodes with a diameter of a few tens of a micrometers
used for measuring action potentials [15]. Hai et al. [16] have successfully enhanced
the neuron-microelectrode electrical coupling coefficient from 0.1% to 50% com-
pared to the extracellular recording recorded by planar micro electrodes using
micrometer-size gold electrodes with a mushroom-shape to gain an intracellular
recording. The authors have attributed this to three main causes. The first is the
suitable shape of the electrode that can be easily engulfed by cultured cells. The
second is the high seal resistance between the cells membrane and the mushroom-
shaped electrode and the third is the high junctional membrane behaviour. Gold
nanopillar electrodes are another type of electrodes used for extracellular and in-
tracellular recordings. For more precise and better quality signal recording, three
studies discussed that the size of the electrode can be scaled down to match the
neuron size [17–19]. Three different strategies were employed to fabricate nanowire
electrodes. In the first strategy, Duan et al. [17] coated germanium nanowires with
SiO2 using an atomic layer deposition technique. The nanowire cores were then
etched using Hydrogen Peroxide. The second was achieved by Xie et al. [18] who
used an ion beam to deposit platinum nanowires with a diameter of 100 nm on a
planar electrode made of platinum. Another strategy includes the thermal growing
of silicon oxide on silicon nanowires, the oxide layer subsequently removed from the
tips of the nanowires. These tips were coated with an evaporated platinum or gold
film [19]. Recently Lin et al. [20] used an electro deposition technique to produce
iridium oxide nanotubes. The electrochemical studies confirm that iridium oxide
nanotubes have lower impedance and a higher charge storage capacity than the
gold nanopillars that have the same surface area. Scanning electron microscopy
(SEM) images reveal that the cells engulf and wrap around the nanotubes and
also extend into these nanotubes. The authors have shown that a larger signal can
be recorded using iridium oxide nanotube electrodes compared to gold nanopillar
chapter 1 Dhurgham Khudhair 16
Nanoelectrode based on TiO2 nanotubes for neural interfacing
electrodes. The low sensitivity of some of the aforementioned electrodes as well as
the high cost associated with the use of noble metals in these electrodes and their
fabrication complexity pose severe constraints towards the development of func-
tional electrodes for the proposed application. Different methods were employed to
fabricate TiO2 nanotube arrays and to improve their electrical properties as well as
their biocompatibility [21–24]. Anodization is a common method which was used to
fabricate TiO2 nanotube arrays. Anodization parameters have been widely stud-
ied as crucial factors influencing nanotube morphology. Alsammarraei et al [25]
fabricated TiO2 nanotube arrays with different morphologies by controlling the
applied voltage. While Macak et al [26] adjusted the electrolyte acidity locally at
the pore bottom to produce nanotubes with high aspect ratio. A nanotube mem-
brane with thickness of 720 µm was formed by subjecting both sides of titanium
foil to electrochemical oxidation in electrolyte consisting of ethylene glycol, water
and ammonium fluoride [27]. It was reported that nanotubes with lengths up to
134 µm could be achieved by anodizing a titanium foil in fluoride ion bath con-
taining a variety of nonaqueous organic polar electrolytes [28]. Prakasam et al [29]
have successfully fabricated titania membrane with aspect ratio of approximately
1500 and safely separated the TiO2 membrane from titanium substrate. However,
there is a significant lack of investigation of the combined effect of TiO2 nanotube
morphology on their electrochemical properties and biocompatibility. In this work,
evidence how the nanotube morphology impacts the electrochemical impedance,
capacitance and biocompatibility were demonstrated.
TiO2 nanotube arrays were introduced as a candidate material to fabricate mi-
cro/nano electrodes for neural interfacing. Electrochemical anodization has been
used as a simple technique for the fabrication of TiO2 nanotube arrays. Annealing
and doping with metallic and non-metallic elements were employed to improve the
electrical conductivity of the nanotube arrays. Electrical properties of the devel-
oped nanotube arrays have been studied in relation to their morphological and
microstructural characteristics. As neurons have limited ability for regeneration,
VERO cells were cultured on fabricated nanotube arrays to evaluate the biocom-
patibility. Furthermore,the toxic effect of doped nanotubes on the neurons was
evaluated by growing neurons on the developed nanotube arrays.
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Chapter 2
Microelectrode Arrays:
Architecture, Challenges and
Engineering Solutions
As neurons in the nervous system communicate by electrical signals, neuroscience
has given great attention to understanding how they are electrically connected
in their networks as a major key to exploring the physiological and pathological
functions of neurons [11]. Neural interface is an effective tool that enables the
information to be exchanged in two directions within the nervous system. Electri-
cal stimulation is a process by which the introduced information to the nervous
system can be employed as an external control. The contract of muscle resulting
in stimulation of motor nerves, is an example of external control [30]. Recently,
brain-machine interfaces have been used to control prosthetic limbs by enabling
users to supervise and process the activities of neurons. Deep brain stimulation is
an effective method to treat patients suffering from Parkinson’s disease [31], men-
tal illness [32], depression [33], obsessive compulsive disorder [34] and epilepsy as
neurological disorders by applying pulses of voltage or current to particular pro-
found regions in the brain. Furthermore, electronic devices have been successfully
instilled in the brain, eyes and cochlea to elicit and iterate the missing or weak-
ened sensory and muscle function. In such devices, neural interfaces are the most
important components [35, 36]. To measure the action potential and record the
neural activity, different methods have been applied. These methods include: (a)
extracellular recording and stimulation, (b) intracellular recording and stimulation,
(c) technologies of optical imaging and stimulation and (d) methods designed to
record signals of in extensive neural populations such as electroencephalography,
magnetoencephalography, functional magnetic resonance imaging and electrocar-
diography. Intracellular and extracellular recording are two prime electrophysiology
methods that have been employed for measuring of action potential and realization
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of neural information processing in neural circuits. Intracellular recording method
is more sensitive method to record action potentials, but it requires rupturing a
portion of the plasma membrane to access the cell interior directly. Therefore, in-
tracellular recording is a highly invasive method and difficult to perform causing
significant limitations for long term or large scale recording. Extracellular record-
ing, however, is a non-invasive method and supports long term recording, but the
weakness in signal strength and poor quality of the recorded signals are significant
limitations of this method [11, 36]. For recording of action potential, microelec-
trodes should be close to neurological target cells, the surface area of the electrode
should not exceed 4000 µm2 for single unit recording and the ratio of signal to
noise of the recorded action potential should not be less than 5:1 [37]. Electro-
chemical impedance is one of the most important electrochemical properties of
the recording electrode. Signal to noise ratio has an inverse relationship with the
electrode impedance as lower impedance is equivalent to having higher signal to
noise ratio. Furthermore, amalgamation of high impedance of the electrode and the
distribution of the capacitance between the recording amplifier and the electrode
lead to reduction of high frequency response of the electrode [37]. Many materi-
als such as platinum, gold, stainless steel, tungsten, iridium oxide and titanium
nitride have been used to fabricate the recording electrodes [38]. Neural interfaces
need to be implanted deeply in the brain to record the action potentials of neurons,
therefore, the implantation process will be accompanied by significant clinical risks
represented by tissue damage and infection of target sites. For less tissue damage
and accurate long-term recording, implanted interfaces with smallest cross section
and largest number of electrode sites are the ideal interfaces. Microelectrodes are
used to stimulate neurons as well as signal recording. Current picoamperes range
is required to excite single neurons by the technique of patch clamp while cur-
rents in the microamperes and milliamps ranges are required for nerve and muscle
stimulation respectively. Microelectrode arrays are the most important component
in the brain-machine interfaces as they act in a way that facilitate direct contact
between the neural tissue and the electrical sensor. To obtain harmonious signals
recorded from small clusters of neurons with retention of micro stimulation abili-
ties, microelectrode arrays are fabricated in a way that enables them to provide a
low impedance path for the charge movement represented by charge injection and
charge transformation. For low impedance, microelectrode arrays were made of
highly conductive materials and fabricated in specific geometries [39]. To decrease
the impedance of the microelectrode and improve the neural recording, porous
structures such as carbon nanotubes, Pt-black and high conductive polymers were
employed to increase the effective surface area of the exposed part of the elec-
trode [15,40–42]. The use of electrical stimulation of neural tissue goes back to the
time of the invention of electricity. Electrical shock with 400 V from catfish was
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used for pain relief and as a treatment of several diseases by ancient Egyptians in
2500 BC [43]. Also, there is historical evidence that refers to the use of electric-
ity in religious rituals as a means to influence the spirit [44]. For pain relief and
stimulation of blood circulation, ancient Greeks employed electric eels to apply
electrical pulses in foot baths. Benjamin Franklin [45, 46], in 1759 looked into the
contraction of muscles as a result of an electrical shock. A fuzzy concept was in-
troduced in 1791 by Luigi Galvani illustrating the electricity in an animal’s body
after electrically stimulating frogs legs [47]. In the year 1939, a major development
in the design of neural interface occurred when Hodgkin and Huxley [48] studied
the electrical signals recorded from single neural fibre by reduction of neural inter-
face size. In 1960, an important attempt in use of the neural interface system was
done by Evarts [49] when electrophysiological experiments were conducted on the
primary motor cortex of springy monkeys. Evarts pointed out that the firing rate
of solitary neurons highly corresponded with the force created by the joints of the
moving arm. Another significant transitional step in neural interface design and
application took place in 1985 when micro wire array electrodes came into force
when dealing with a large number of patients [50, 51]. Electrodes made of diverse
materials with different shapes and geometries have been employed as interfaces
for neural recording and stimulation. These electrodes can be classified into two
main groups: metal based electrodes and non-metal based electrodes.
2.1 Metal-based electrodes
Metals of high electrochemical properties and good biocompatibility have used to
fabricate electrodes for neural interfaces. These electrodes have been designed in
different geometries to match the biological and electrochemical requirements.
2.1.1 Micro wire arrays
Micro wires were the first electrodes made of sharpened metal and were used to
record electrical signals chronically from the individual neuron in the brain by
implanting the electrodes inside the brain. The wires were totally insulated except
their tips which were left uninsulated to inject neurons with current pulses and
record their extracellular potentials [52]. Figure 2.1 is an exemplary array of micro
wires. Nontoxic metals of high corrosion resistance such as gold, platinum, tungsten
and stainless steel were used to fabricate micro wire arrays [53]. Stainless steel mi-
cro wires, with a diameter of 80 µm, were used to record the action potentials from
stimulated neurons of animals that had been awake for more than week [54]. As
a sharpened steel micro wire electrode has insufficient rigidity, Hubel [55] used
pencil-like tungsten micro wire electrodes with a tip point of 0.5 µm diameter for
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Figure 2.1: Micro wire arrays (a) Arrays of micro wires connected to the connector, (b) Dense
arrays of micro wires [52].
recording signals receipted from mammalian nerves. The electrodes were insulated
with a suitable varnish up to the tip. The measurements showed that tungsten mi-
cro wire electrodes have a low signal to noise ratio and slow signals were lost when
a high-pass filter was used to diminish the noise. To increase rigidity, elasticity and
corrosion resistance of micro wire electrodes, iridium micro wires were employed as
microelectrodes for measurement of action potentials. It was reported that iridium
has higher rigidity, corrosion resistance and elasticity than tungsten. Furthermore,
increases in maximum charge density can be attained because it is possible to ac-
tivate iridium surfaces electrochemically [53]. It was shown that an implemented
array can consist of from 4 to over 100 wires. Nicolelis et al. used 704 micro wires in
10 arrays to record 274 neurons individually in monkey cortex [56,57]. An extracel-
lular recording with spike amplitude of 60 µV was achieved by micro wire tetrode
from individual pyramidal cells distributed within a radius of 50 µm [58]. The
ease of fabrication is an obvious advantage of micro wire electrodes [59]. Another
advantage of micro wire electrodes is that these electrodes can access deeply in
the brain to reach the target neurons [60]. The main obstacle of the micro wires
technique is that the bending of microelectrodes during implantation leads to loss
of accuracy of the positions of the wire tips relative to each other [53].
2.1.2 Planar-type microelectrode array
Planar type microelectrodes made of non-toxic and high corrosion resistance metals
such as gold, platinum, iridium and titanium nitride are a common electrode with a
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Figure 2.2: (a) planar type electrode connected to contactor lines, (b) hippocampal neurons
are cultured on the planar type electrode [15].
diameter of a few tens of micrometres. Planar microelectrodes are a cell culture dish
used to study the activity and plasticity of the neural network [15]. To facilitate the
observation of the cultured cells using conventional transmitted light microscopy,
leads of one of the aforementioned metals are usually embedded in a glass wafer
substrate. Figure 2.2 shows the planar type electrode. It is usual to coat the glass
substrate with laminin or polylisine to promote the cell adhesion and increase
the sealing resistance between the substrate and the cultured cells. The substrate
consists of 1-100 electrode sites spaced at inter distances of 100 µm. Organic or
inorganic materials such as epoxy resin, polyimide, silicon oxide and silicon nitride
are used to insulate the electrodes from each other. All electrodes are connected
with a contact pad by thin contactors to transfer the captured signals to the
amplifier [61]. It was reported that the impedance of a standard gold electrode with
a diameter of 60 µm in electrolyte solution is 50 KΩ at 1 KHz. Individual sensing
pads must be made smaller to match the size of the individual neurons. However,
reduction of the surface area that accompanies the reduction of the sensing pad
size results in a significant increase in the impedance and consequently decreases
the signal -to-noise ratio. Nanostructures such as gold nanoflakes, gold nanopillers,
carbon nanotubes or Ti3N4 compensate for the lack in the surface area resulting
from the reduction of the electrode size [62].
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Figure 2.3: (a) SEM image of gold mushroom shaped microelectrode, (b) TEM image shows
the Aplysia neurons engulf the mushroom shaped electrode [11].
2.1.3 Mushroom shaped microelectrode
Although, micro patterned electrodes afford non-invasive and long term extracel-
lular recording, they suffer significantly in signal strength and quality. Recording
understrength and quality signals restricts microelectrodes from sensitive recording
such as, disinhibition, synaptic integration and under threshold oscillations [62]. To
enable microelectrodes for such applications, Spira et al. used a micro-size protru-
sion made of gold with a mushroom shape as a sensing electrode (Figure 2.3-a). By
increasing the electrical coupling coefficient between the neuron and the microelec-
trode to 50% recorded by a gold mushroom shaped sensing electrode compared
to 0.1% for the gold planar microelectrode array, it becomes possible to record
synaptic potentials in addition to the action potentials. The enhancement in cell
recording achieved by using gold mushroom shaped electrodes was attributed to
three main causes. The first is that the unique geometry of the electrode enables
neurons to engulf the electrode as shown in Figure 2.3-b. The second is the high
seal resistance between the cell membrane and the mushroom shaped electrode and
the third is because of the increase in the junctional membrane conductance [11].
2.1.4 Nanostructured microelectrodes
Great efforts have been exerted to overcome challenges such as inflammation and
noise associated with the use of neural interfaces for neural stimulation and sig-
nal recording. Previous studies showed that the mechanical, physical and chem-
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Figure 2.4: SEM images of metal-based nanowire electrodes. (a) platinum nanowire elec-
trode [18]. (b) gold nanowire electrode [67]. (c) gallium phosphide nanowire electrode [68].
ical properties have a crucial influence on the performance of the neural inter-
faces [63]. Ordinary interfaces in brain-machine interfaces utilize a small number
of large electrodes for signal recording. It was reported that electrodes with di-
ameter range of 10-100 microns were used in brain-machine interfaces for signal
recording while electrodes with size of 4-8 mm were used for deep brain stim-
ulation [64, 65]. As the human brain contains approximately a hundred billion
neurons and each neuron has a diameter of about 10 microns, accurate monitoring
and precise control on the neural circuit activities requires electrode arrays of high
density and small size [66]. The efficiency of neural electrodes for neural signal
recording and stimulation is greatly affected by the electrical coupling and the
contact between the cell and the electrode surface, the electrochemical properties
of the electrode and the biocompatibility of the material at the contact sites [39].
2.1.4.1 Nanowire arrays
Due to their high aspect ratio, nanowires made of nontoxic and high corrosion resis-
tance metals have attracted a lot of attention in different applications. Employing
nanowires as neural interfaces is one of their important applications [18]. Plat-
inum nanowires with a diameter of 150 nm and height of 1.5 µm were deposited on
planer platinum electrodes by means of focused ion beams (Figure 2.4-a). A layer of
Si3N4/SiO2 with a thickness of 350 nm was deposited by plasma-enhanced chemi-
cal vapour deposition to insulate the substrate. Platinum nanowires were utilized to
stimulate and record electrical signals from mitotic cardiac cells [18]. Bruggermann
et al. [67] have fabricated gold nanowires with a diameter of 60 nm and height of
300-400 nm on pads with diameter of 2 µm (Figure 2.4-b). Extracellular potential
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Figure 2.5: . (a) Iridium oxide nanotubes array on a platinum substrate (left). Iridium oxide
nanotube (right) [69]. (b) TiO2 nanotube array [70].
recordings were taken from cardiac muscle cells (HL-1) using the gold nanowire
electrode. The maximum recorded amplitudes achieved by gold nanowire electrodes
were 100% higher than those achieved by planar gold electrodes [68]. Gallium phos-
phide nanowires with 70 nm diameter and 5µm length were fabricated by Suyatin
et al. [68] on substrate of 12 µm diameter with a pitch size of 500 nm. A gold
film was subsequently deposited on the top of the nanowires. Gallium phosphide
nanowire electrodes are illustrated in Figure 2.4-c. Gallium phosphide nanowire
based electrodes were employed to perform acute recordings in the rat cerebral
cortex.
2.1.4.2 Nanotube arrays
Previous studies have shown that vertical electrodes are able to achieve intracel-
lular recording of action potential with high signal to noise ratio. These studies
pointed out that the geometry of vertical electrodes has a crucial influence on the
sensitivity and quality of recorded signals. Nanotube geometry was pointed out
as important factor influencing the vertical electrodes. The cell membrane wraps
around and extends into the nanotube, thus the gap between the electrode and the
membrane is significantly reduced [71–73]. Recently, Lin and co-workers [69] devel-
oped a new nanoelectrode consisting of iridium oxide nanotubes (Figure 2.5-a). Af-
ter cardiomyocytes were cultured on the fabricated nanotube electrode, the images
of scanning electron microscopy showed that the cell membrane wraps around and
extends into the pore centres. Electrochemical measurements showed that iridium
oxide nanotube electrodes possess lower electrochemical impedance and higher ca-
pacity of charge storage compared to gold nanopillar electrodes having the same
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Figure 2.6: TiO2 nanotube arrays fabricated in ethylene glycol containing 0.5 wt% NH4F and
4 vol% of deionized water at anodization voltages of (a) 10 V, (b) 40 V and (c) 60 V
surface area. The author demonstrated that the geometry of nanotubes promotes
cell-electrode coupling and larger signals can be recorded compared with solid
electrodes. Moreover, stable recording can be achieved by nanotube electrodes as
it provides noninvasive and has longer intracellular access. As a result, the au-
thor pointed out that nanotube geometry significantly enhances nanoelectrode
performance. In many studies, titania nanotubes were identified as a promising
form of biological electrode as they possess high corrosion resistance, distinctive
mechanical properties, elevated specific surface area in addition to excellent bio-
compatibility [70–72]. TiO2 nanotube arrays are illustrated in Figure 2.5-b and
it has been established that a titania tubular structure has a great potency for
application in the medical area. Results have shown that TiO2 nanotubes en-
hance the mineralization, proliferation, and adhesion of osteoblasts and expedite
the recovering of bone tissue. It has also been established that tube dimensions
have a crucial influence in the differentiation of mesenchymal stem cell [71]. It
was suggested that tube pores and the spacing in a titania tubular structure offer
a substantial pathway for continuous supply of ions, nutrients and proteins re-
quired for healthy cell growth [72]. The anatase phase shows a better support for
formation and growth of hydroxyapatite than rutile [73]. Park et al. [73] showed
that tube diameter has an important effect on adhesion as well as proliferation
of mesenchymal stem cells. Authors have pointed out that tubes with a diameter
of 15 nm improve the cell activity when the spacing between nanotubes is less
than 30 nm while cells showed programmed death when they were cultured on
tubes with a diameter larger than 50 nm [73]. Tube morphology has a critical
effect on the electrical behaviour of a titania tubular structure. Tubes with wall
thickness of 30-40 nm showed low impedance and Sun et al attributed the elec-
trical behaviour of these nanotubes to the thickness of their walls being sufficient
to that being required for charge transformation [74]. Many approaches have been
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Figure 2.7: TiO2 nanotube arrays doped with (a) carbon [79], (b) nitrogen [80] and (c) Tin [81]
employed to fabricate TiO2 nanotubes. These approaches include templating, sol-
gel, photo-electrochemical etching and anodic oxidation [21,75,76]. Because of low
cost and the possibility of fabrication of TiO2 nanotubes in a wide range of mor-
phologies, anodic oxidation is generally used to fabricate titania tubular structures.
Anodization parameters such as applied voltage, electrolyte type, electrolyte PH
and anodization time have significant influence on the fabricated nanotube mor-
phology [77]. Figure 2.6 shows TiO2 nanotube arrays with different morphologies,
fabricated by controlling the anodization voltage. It was shown that subjecting the
nanotubes to the annealing process at 450 ◦C enhances their electrochemical prop-
erties as a result of successful transformation from amorphous to anatase crystal
structure [78]. As titania nanotubes inherently possesses low conductivity, which
is highly undesirable for neural interfacing, therefore electrochemical and physical
methods have been employed to introduce metallic and non-metallic electrically
active particles such as C, N and Nb with a concentration of 5 %, 1.53 % and
5 % respectively into the titania lattice to enhance the electrical properties and
biocompatibility of titania nanotubes [82–84]. It was reported that doping with
nitrogen improved the electrochemical properties represented by electrochemical
impedance and charge storage capacity [80]. To improve the capacitive properties
of TiO2 nanotubes, Zhang et al. have fabricated carbon doped nanotubes. The au-
thors show that the presence of carbon atoms in titania tubular structure improve
the capacitance of the nanotube layer [79]. Kyeremateng et al. have investigated
the effect of Sn doping on the electrochemical properties of TiO2 nanotubes. The
authors showed that Sn-doped nanotubes have higher capacitance than simple nan-
otube arrays [81]. Figure 2.7 illustrates TiO2 nanotube arrays doped with different
elements.
chapter 2 Dhurgham Khudhair 27
Nanoelectrode based on TiO2 nanotubes for neural interfacing
Figure 2.8: Micromachined electrodes (a) different types of Michigan electrodes [85]. (b) Utah
electrode (flat array) [86]. (c) Utah electrode (incline array) [86].
2.2 Non-metal based electrodes
Due to the wide range of their structure, non-metals with their various physi-
cal, chemical and mechanical properties have been employed in different applica-
tions. One of their important applications is the neural interfaces. Neural electrodes
made of non-metals have been utilized to overcome the limitations related to the
use of metallic electrodes including inflammation, tissue damage and low flexibility.
2.2.1 Silicon-based electrodes
The emergence of technologies such as lithography techniques by which compli-
cated structures can be fabricated has been followed by micro machined electrodes
used to stimulate neurons and record potential signals [39, 87–89]. To overcome
the difficulties associated with the curvature of the wires used with the micro wire
technique, micromachining techniques utilizing silicon arrays have been used to
generate a more rigid structure. As silicon arrays are smaller in size than that of
micro wire electrodes, larger number of sites in different layers of the cortex can be
recorded by silicon arrays for the same quantity of tissue displacement [90]. There
are two major models of micro machined electrode. The first model was fabricated
in the University of Michigan and consists of a shank with silicon substrate hav-
ing several electrode sites. Different types of Michigan electrodes are illustrated in
Figure 2.8-a. The Utah array is the second model of micro machined electrodes. In
the Utah array, sharpened needles made of silicon with lengths up to 1.5 mm and
diameter ranging from 1 to 100 µm were electrically insulated up to their tips us-
ing polymers with a good biocompatibility like parylene-C or polyimide. The bare
tips of the silicon needles were coated with a conductive metal such as platinum or
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Figure 2.9: Different types of flexible electrode (a) Cuff electrode with polyimide substrate [91].
(b) sieve electrode [91]. (c) Flexible ribbon electrode [92].
iridium. The architecture of the Utah array provides the ability of signal recording
from the individual neurons with high locative resolution as well as stimulation of
the target neurons. Due to their biocompatibility, geometry and architecture, the
Utah arrays can be deeply inserted into the brain safely. Therefore, Utah arrays
are widely used in neuroscience and medical researches [39,85]. Figures 2.8-b and
2.8-c show flat and inclined microelectrode arrays.
2.2.2 Polymer-based electrodes
Materials of rigid structures are usually used in conventional electrodes. Using stiff
electrodes cannot provide vigorous interfaces with neurons and precludes long-term
signal recording. The poor contact between the stiff interfaces and the soft neural
tissue causes aggressive contact at the tissue-interface contact sites which leads
to tissue damage and inflammation [86]. To avoid neural damage and inflamma-
tion of the implant sites, flexible arrays made of polymer-based electrodes have
been developed to provide less invasive methods for neural stimulation and signal
recording. Polymers such as polyimide, Parylene C, liquid crystal polymer, SU-8,
benzocyclobutene and silk are common polymers used in fabrication of flexible ar-
rays [93–98]. Because of their good mechanical flexibility, high corrosion resistance
and good biocompatibility, flexible arrays are widely used for long-term neural
recording [99]. The variety of flexible electrode design was illustrated in Figure
2.9. The low elastic modulus of polyimide and Parylene C electrodes (3.2 GPa)
enable them to lessen the tissue damage and afford longer term recording than that
of silicon [98–100]. In 1970s, Hoffer and Loeb successfully recorded neural signals
by implanting cuff electrode and flexible platinum wire in the lumbar spine of a
cat [63, 101]. The next attempt for flexible interfaces was made by Donaldson et
al. to improve the flexibility and electrical conductivity by using the cuff interface
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with silicone rubber [62,102]. As Parylene base electrodes have high flexibility, they
show extremely consistent coverage of the tissue surface and this enables them to
provide steady electrical contact and subsequently high signal to noise ratio [65]. A
Parylene-based microelectrode array has been employed for neural recording and
drug delivery by utilizing electrode sites at different sides include the top, back
and edges. Cuff electrodes made of hybrid polyimide entrenched in silicon guidance
were fabricated to stimulate the peripheral nerves and record sensory signals. It
was noticed that nerve trunks wrap around the cuff electrodes and furthermore,
the muscles can be activated by stimulation of the motor fibres [91, 103]. How-
ever, although polymer electrodes are common neural interfaces, there are two
main limitations for the use of these electrodes. The first is the difficulty of signal
recording from neurons with different diameters and the second is the inability of
communication with very small nerves (less than 300 µm in diameter). As a nerve
size has a random distribution in the body, the predefined polymer electrodes lose
the perfect match with target nerves [92, 104]
2.2.3 Nanostructured electrodes
For many reasons nanomaterials are a promising technology in neural interfac-
ing fabrication. Neurons are electroactive cells and the electrochemical properties
of improved nanostructure can meet the requirements of the charge transforma-
tion. The distinctive chemical and mechanical properties of nanoscale structures
strongly support the neural tissue for a long term implantation. Furthermore, the
high biocompatibility of improved nanomaterials solve the biological problems re-
lated to the implanted interfaces [105]. The discovery of nanomaterials with their
unique properties of high electrical conductivity, exceptional chemical stability,
excellent mechanical properties and high surface area moved neural interfaces to
a new stage by enhancing the sensitivity and selectivity in addition of improving
the biocompatibility and the response time [106].
2.2.3.1 Nanowire arrays
Non-metallic nanowire used to record the electrical signals from the biological
systems show higher sensitivity in observation of the changes in action poten-
tials for cultured neurons than micro size electrodes [108]. Nano wires made of
semiconductor materials are a powerful technique and have a great impact on a
wide range of scientific areas such as electronics, photonics, bioscience and health-
care. The good understanding of nanowire growth mechanism enables the produc-
tion of nanowires with a homogeneous composition and diameter and, as a result,
electrical and optical properties can be highly controlled. The correspondence in
nanosize between the nanowires and the nano components in biological systems
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Figure 2.10: Two strategies to fabricate nanowire electrode [107]184. (a) Silicon nanotube on
an insulated germanium nanowire. (b) Silicon nanowire with gold or platinum coated tip [36].
makes nanowires a promising candidate as a sensitive tool for investigation of bio-
logical systems [109]. As the bend of nanowires enables them to protrude between
the lineaments of the cellular membrane, nanowires have a tight connection with
the neural membrane. Decreasing the gap between the electrode surface and the
cellular membrane enhances signal-to noise ratio and increases the sensitivity of
signal recording [110]. Two major techniques Langmuir Blodgett and dry transfer
techniques have been used to grow nanowire arrays on surfaces of silicone / silicone
oxide substrate [111, 112]. Different strategies have been used to fabricate silicon
based vertical nanowires. Duan et al. [17] employed electron beam lithography to
create gold islands on the gate of a nanowire field-effect transistor with nanoscale
to use them as precursors for germanium nanowire growth by vapour liquid solid
mechanism. By using the atomic layer deposition technique, germanium cores were
coated with SiO2 and subsequently etched by hydrogen peroxide and the result was
vertical glass tubes (Figure 2.10-a). The author showed that these glass tubes have
been successfully used for intracellular potential recording by penetrating plasma
membranes of cardiomyocyte cells. To improve penetration, fabricated nanotubes
were coated with phospholipid which makes it difficult to culture cells on these na-
noelectrodes. Therefore, cells were cultured on separated substrate. As it is shown
in Figure 2.10- b, Robinson et al. [19] have fabricated silicon nanowire, using
plasma etching techniques, which were insulated by thermally grown SiO2 film.
The silicon oxide film was removed from the tips of silicon nanowires followed by
coating uncovered tips with vaporized platinum or gold film. The fabricated sil-
icon nanowires were employed to stimulate individual neurons as well as record
neural action potential. The main obstacle of the nanowire interfacing technique
is the inherent high electrode impedance. It is worth mentioning that although
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Figure 2.11: SEM images of (a) Carbon nanotube electrode array [113]. (b) Carbon nanotubes
electrode [113].
a single pad in the interface contains a number of nanowires, the impedance of
the electrodes is still too high to make it possible to record subthreshold poten-
tials [18,19]. Theoretically, increasing the number of the nanowires in a single pad
may solve the problem of high impedance of electrodes. Nevertheless, high den-
sity of the nanowire electrodes precludes electrode to cell interior in intracellular
recording.
2.2.3.2 Carbon Nanotube arrays
Carbon nanotubes based electrodes are one of the most common nanotube elec-
trodes because of their distinctive properties including very good electrical con-
ductivity, high tensile strength, superior thermal conductivity and high aspect
ratio [114–118]. Figure 2.11 shows an image of a carbon nanotube electrode ar-
ray (a) and carbon nanotube electrode (b). Carbon nanotubes have been utilized
in neuroscience research with one important application in recording of electrical
activities of neurons [119, 120]. It was illustrated that carbon nanotubes enhance
cell attachment and promote differentiation and growth of neurons [90]. Wang
et al. [113] showed that vertically aligned carbon nanotubes offer a high level
of charge injection (1-1.6 mC/cm2). The authors demonstrated that carbon nan-
otubes increase the active surface area and decrease the impedance of the electrode
tissue interface. To improve the performance of single wall carbon nanotubes in-
terface and achieve long term recording, the nanotubes were electrochemically
co-deposited with polypyrole. The modified electrode showed high injection level,
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good stability and low impedance [121].
2.3 Conclusion
In the past several decades, considerable effort has been made towards development
of neural interfaces with many advantages and limitations of common interfaces
being discovered. Various materials, utilizing different shapes and sizes, have been
used to fabricate neural interfaces. Electrode design is important in that it has
an influence on the cell-electrode coupling and tissue rehabilitation. Thin, sharp
and flexible electrodes are desired for better performance in neural recording and
stimulation. Lower electrochemical impedance and higher charge storage of inter-
faces are required to achieve good signal to noise ratio. Nanostructured electrodes
are promising as their size matches the neuron size enabling signal recording for
individual neurons and they can be shaped such that cells engulf the electrodes
supporting enhancement of the cell-electrode coupling. As current neural interfaces
have their limitations including high impedance, large size and high invasion, tech-
nology of interfaces fabrication is still in progress.
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Chapter 3
Factors Influencing Electrical And
Biological Properties Of TiO2
Nanotubes.
In recent years, some studies have been reported employing nanotube structures
as micro-nano electrode interfaces to detect cell activities in in-vivo and in-vitro
environments [20, 42, 122]. TiO2 nanotubes can play a key role in becoming such
an interface due to its inherent biocompatibility leading to great cell proliferation,
adhesion and mineralization. Here, is an attempt to explore and discuss different
aspects of TiO2 nanotubes suitable for medical applications in general and living
cell interfacing in particular. This is to establish different anodization aspects that
could further improve the TiO2 nanotubes properties such as electrical conductiv-
ity and biocompatibility making it suitable for cell interfacing. It is reported that
morphology of TiO2 directly impacts the biocompatibility aspects of the titanium
in terms of cell proliferation, adhesion and mineralization [123]. Similarly, TiO2
nanotube wall thickness of 30-40 nm has shown to exhibit improved electrical be-
haviour, a critical factor in brain mapping and behaviour investigations if such
nanotubes are employed as microelectrodes [74].
3.1 Background of TiO2 research in medical ap-
plication
.
The surface modification of titanium to a TiO2 tubular structure expands the
scope of application of titanium in tissue engineering and other medical applica-
tions [124]. Figure 3.1 highlights different aspects of medical applications where
titanium and its alloys has been employed in general practice. In dental applica-
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Figure 3.1: Biomedical application of titanium and its alloys [77]
tion, Dafar [125] shows that the mechanical properties of flowable composites can
be greatly enhanced by reinforcing it with 3% of TiO2 without significant effects
in flow ability and radiopacity. Previous studies showed that the wetting ability of
TiO2 nanotube has a great effect on biomedical applications, because the adhesion
of cells to the surface is affected by the surface energy. On the other hand, the
wetting ability has a crucial role on DNA and protein adsorption [126–128]. It was
shown that cultured osteoblast cells were well spread with high density and adhe-
sion on TiO2 tubular structure compared to nano-particulate structure as well as
unanodized titanium. Furthermore, it was found that tubular structure increases
the deposition of calcium than other nano-particulate structures or unanodized
titanium.
Earlier studies have shown that the behaviour of some cells such as mesenchy-
mal stem cells, osteoblast and chondrocyte can be controlled by controlling the
TiO2 nanotube diameter [129–132]. Sista, S.et al [133] reported that osteoblast
cells have high adhesion and proliferation abilities on the surface of tubular struc-
ture which was obtained by anodization of TiZr alloy compared to acid etched
or polished surface of the same alloy. Ti2448 alloy(Ti-24Nb-4Zr-8Sn), which is a
multifunctional alloy, and has balanced biomechanical properties was anodized in
neutral electrolyte with 1 mol/L(NH4)2SO4 and 0.15 mol/L NH4F to produce
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Figure 3.2: Typical osteoblast morphology on (a) unanodized titanium and (b) anodized Ti-
tanium surface with nano-tubular structures after 4 h culture [135]
nanotubes with amorphous mixed oxides of TiO2, Nb2O5, SnO2 and ZrO2 with
outer diameter of 30, 50, 70 and 90 nm. To estimate the biological behaviour of
these nanotubes, proliferation, adhesion and differentiation of the oestoblast-like
MG-63 cells on these nanotubes were studied [123]. Chiang et al [134] show that
multilayer network of TiO2 nanotubes can be easily fabricated on titanium surface
by anodization process and the good interaction between this modified surface and
nano-scale proteins promote the growth of human bone marrow mesenchymal stem
cells. Figure 3.2 shows typical osteoblasts morphology on anodized titanium with
nano-tubular structures in comparison to unanodized titanium surface of a 4 hours
old culture [135].
Wang et al [136] fabricated TiO2 nanotubes in a two-step anodizing process
to produce nanotubes with high order porous layer covers TiO2 nanotubes and
in one-step to produce nanotubes without this porous layer. They reported that
nanotubes without a porous layer shows a surface with higher roughness, surface
energy and hydrophilicity than nanotubes with such layer. Biocompatibility and
antibacterial properties for TiO2 nanotubes were enhanced by the deposition of
silver particles, with size of 2-50 nm, on the tube surfaces, followed by an immer-
sion in Hanks solution to coat the TiO2 nanotubes with calcium phosphate. It
was noticed that silver particles distributed homogeneously in the coating film
and stimulate apatite deposition from Hanks solution [137]. For the same purpose
of antibacterial ability improvement, Gao et al have deposited silver particles on
well defined TiO2 nanotube array. The authors show that there is no significant
change in tube diameter results from silver incorporation, but tube length de-
creased dramatically. The biological results prove that TiO2 embedded with silver
particles show a good antibacterial ability without cytotoxicity effect [138]. TiO2
nanotubes were successfully fabricated on medical titanium in two different elec-
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trolytes, aqueous electrolyte (1 M H2SO4 + 0.15 wt.% HF) and ethylene glycol
based electrolyte by Moseke et al. The aim was to evolute their capacity to store an-
timicrobial substances include antibiotic vancomycin and antibacterial silver ions
and to investigate their potential to release these substances. It was shown that
titanium tubular structure can store 450% more of antimicrobial substances than
a non-tubular structure. It was also reported that the high controlled release ki-
netics can be achieved by controlling the anodization parameters [139]. Previous
researchers have shown that oxide tubular structure can be obtained by preferred
selective dissolution of an element in binary and ternary titanium alloys and the
dissolution depends on the microstructure of the alloy [140,141].
3.1.1 TiO2 nanotubes morphology and biocompatibility
.
The morphology of the tubular structure plays a key role in titanium bio-
compatibility [142]. Earlier studies have demonstrated that a tubular structure
has great potential for use in medical applications, especially in orthopaedic im-
plants. Experiments have shown that the TiO2 tubular structure promotes the ad-
hesion, proliferation and mineralization of osteoblasts and accelerates the healing
process of the bone. It has also been shown that controlling nanotubes dimensions
can result in controlling of mesenchymal stem cell osteo-differentiation [70]. As it
is suggested by Li et al [23], tube diameter and the spacing between the nanotubes
offer an important pathway for continuous providing of proteins, ions and nutri-
ents needed for healthy cell growing. It has pointed out that the number of nuclei
formed on TiO2 tubular structure is greater than that formed on compact TiO2
in the initial stage of apatite formation. However, greater than 6 nm of apatite
layer thickness has been formed within less than 48 hours on TiO2 nanotubes in
the form of anatase phase, while no stable layer of apatite was formed on amor-
phous dioxide film [71]. Uchida et al [72] reported that hydroxyapatite form and
grow on anatase phase of TiO2 much more than on rutile phase. By annealing
TiO2 nanotubes at 300
◦C, transformation from amorphous to crystalline struc-
ture with anatase phase occurs. Dual phase structure consisting of anatase and
rutile was obtained at 550◦C and 700◦C. It is worth mentioning that rutile in dual
phase exists between the substrate and anatase phase which forms the nanotubes
walls. Therefore, annealed tubular structure of TiO2 at temperature 300
◦C-700◦C
present a very good base for formation and growth of hydroxyapatite and excellent
cell activity [143]. The possibility of controlling the diameter of nanotubes within
a wide range (10 nm-250 nm), enables the use of these nanotubes in studying and
application of the effect that nanotube size has on living material [144].
Mechanical properties are very important for medical applications, especially
in bone implant and dental applications, as they affect the biological processes in
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addition to structural stability. For this purpose Crawford and Chawla [145] inves-
tigate the relationship between the thickness of the TiO2 nanotube layer fabricated
on a titanium surface and the composite modulus which represents the modulus
for both the base metal and TiO2 layer. The results show that the composite
modulus has an inverse relationship with the thickness of TiO2 nanotube and it
was pointed out that for all nanotube thicknesses the composite modulus is less
than the modulus of the underlying substrate (Cp-T) itself. This relationship has
showed in Figure 3.3. Park et al [73] have shown that the tube diameter has the
effect on the adhesion and proliferation of mesenchymal stem cells, where tubes
with 15 nm diameter, but less than 30 nm spacing showed an effective length scale
for enhancing cellular activities. Tubes with diameter larger than 50 nm have a
negative effect on cell activities and programmed cell death was observed on TiO2
nanotube surfaces which have a lateral spacing of between 30 and 50 nm. Huang
et al [146] produced TiO2 nanotubes with diameters of 20 nm and 88 nm and
found that these nanotubes show hydrophilic behaviour and cell proliferation time
increased with decreasing nanotube diameter. It was reported that tubes with 30
nm diameter enhance proliferation, adhesion and differentiation, in contrast cells
showed less viability on the tubes with 90 nm diameter. The study pointed out
that the amorphous nanotubes contain the mixed oxides of TiO2, SnO2, ZrO2 and
Nb2O5 resulting from anodizing of Ti2448 alloy have the same biological behaviour
of amorphous TiO2 nanotubes coming from anodized pure titanium [147]. It has
reported that the increase of tube diameter leads to a decrease in cell adhesion,
due to the increase of empty pore spacing [148]. Furthermore the surface geometry
for tubular structure provides suitable conditions for rounded cell shape forma-
tion, which promotes cell differentiation and prevents cell spreading [149]. Larger
pore spacing associated with bigger pore diameters can enhance cell spreading
because of the loss of the rounded morphology, which is the same effect for the
excess decrease in tube diameter. However, larger diameter enforces cells to elon-
gate their body to find the matrix on which the protein need to deposit, as a
consequence a physical forces will be imposed by the substrate impacting the cell
vitality [148]. Previous studies show that TiO2 nanotube size has the same effect
on live bacteria (Staphylococcus epidermidis and Staphylococcus aureus) as on cell
vitality. It was observed that the use of nanotubes with wider diameter reduced
the number of the existent bacteria which could be available on nanotubes with a
diameter of 20 nm [150].
3.1.2 TiO2 nanotubes morphology and electrical conduc-
tivity
.
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Figure 3.3: The relationship between composite modulus and TiO2 layer thickness [145]
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It has been established that tube morphology has a significant impact on elec-
trical behaviour of TiO2 nanotubes. Sun et al [123] reported that there is a crit-
ical wall thickness about 30-40 nm for active electrical behaviour of TiO2 nan-
otubes, they explained that the wall thickness should be thick enough to support
the space charge layer which forms during electron transportation. On the other
hand Pu et al [151] showed that the wall half thickness bigger than the space charge
layer is required for fast electron transportation. For better conductivity, it was
suggested that pore diameter should have the smallest possible value to increase
the surface area which is the pathway for the transported electrons. To improve
TiO2 nanotubes conductivity, Oomman et al [152] exposed TiO2 nanotubes with
diameters of 22 nm, 53 nm and 76 nm to 1000 ppm hydrogen at 290 ◦C. It was
found that nanotubes with a diameter of 22 nm had achieved greater improve-
ment in electrical conductivity. Sorkin has employed neural tissue to investigate
the influence of the conductivity of TiO2 nanotubes on its response. The results
indicate that neurons show better adhesion and proliferation on more conductive
TiO2 nanotubes [153].
3.2 TiO2 nanotubes on titanium substrate
.
A compact oxide layer can be formed spontaneously on some metal surfaces. These
metals are called valve metals. They have an oxide layer with a reliable thickness(2-
5)nm when they are exposed to oxygen in air or in other oxygen containing en-
vironments [154]. This oxide layer protects the metal and gives high corrosion re-
sistance [155]. Titanium is one of these important metals. TiO2 can form in three
different crystal structures: Anatase; Rutile; and Brookite [156]. In each of these
structures, Ti and O are bonded together with covalent and ionic bonds. Natu-
rally, TiO2 crystals are found as a rutile form, which is the most available form due
to its stability at different temperatures [157]. Anodic oxidation is a widely used
technique to fabricate TiO2 tubular structures, because it is a relatively simple
and efficient process to fabricate well-aligned and highly ordered TiO2 nanotube
arrays [158]. Figure 3.4 shows SEM and TEM images of TiO2 nanotubes produced
by Anodic oxidation. The thickness of TiO2 layer depends on the applied volt-
age, which leads to the conclusion that the titanium oxide layer has a high electri-
cal resistance [159]. Amorphous tubular oxide layers are produced from anodizing
pure metals, but can be changed to a crystalline structure by applying a suitable
annealing treatment [160–162]. TiO2 nanotubes are chemically stable structures
with high corrosion resistance, in addition to the ease and relative low cost of
the fabrication process. The morphology parameters of TiO2 nanotubes e.g., tube
length, diameter and roughness, directly affect the biological properties of these
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nanostructure. The morphology can be controlled by adjusting the parameters of
the anodization process, which are represented by the applied voltage, electrolyte
composition, solution acidity and anodization time. Amorphous nanotubes result
from anodizing of titanium. Improvement of electrons movement, thus the conduc-
tivity requires heat treatment for crystallization [78,163,164].
The first TiO2 nanotubes were produced in 1999, by anodizing of titanium in
a chromic solution, with and without the presence of hydrofluoric (HF) acid, by
Zwilling et al [165]. Two years later, a sheet of pure titanium was anodized in an
aqueous solution, in the presence of HF, to produce vertically oriented tubular
structures, as reported by Grimes et al in 2001. Following these results, a range
of different organic and inorganic electrolytes were used to fabricate TiO2 nan-
otubes with controllable dimensions [166]. It was determined possible to obtain
TiO2 nanotubes with 500 nm as a maximum length, by anodizing Ti in a HF
aqueous solution. This limited length is due to the high dissolution rate of tita-
nium dioxide in HF aqueous solution, while this length can be increased to 7µm
by anodizing Ti in neutral HF aqueous solution. It was shown that the use of
polar organic electrolyte such as dimethylsulfoxide (DMSO), ethylene glycol (EG)
and formamide (FA) in the titanium anodization process leads to the formation of
nanotubes with length greater than 7µm [167].
3.2.1 Anodization Process
.
Anodization is an electrochemical process conducted on the metal to produce
a layer of metal oxide on the metals surface. The anodization process is performed
in an electrochemical cell consisting of two electrodes, the working electrode or
the anode and the counter electrode or the cathode. The metal is employed as
an anode and oxidation process starts on the anode when external voltage ap-
plied between anode and cathode electrodes in an electrolyte [169]. Figure 3.5 is
a schematic drawing for electrochemical anodization cell. The anodization process
is applied under constant voltage or constant current. As the oxide layer forms, it
works as a barrier to insulate the metal surface from the electrolyte and leads to
the suspension of the process of oxidative stress. When the value of the applied
voltage is greater than the dielectric breakdown, the absence of resistance to cur-
rent flow from the oxide layer results in gas revolution, and sparking as a sequence
of oxidation and oxide growth, which is known as the breakdown limit. In the case
of fluoride free electrolytes, a very thin and non-porous oxide layer will be formed
if the applied voltage is less than the breakdown limit [170]. For homogeneous dis-
solution rates, no change in temperature is desired during the anodization process
and most anodization is performed under a low constant temperature in order to
prevent total dissolution of the oxide layer. During the anodization process, voltage
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Figure 3.4: Shows SEM and TEM images of TiO2 nanotubes were produced by Anodic oxida-
tion (a) Top view (b) cross section (c) bottom view (d) TEM image [168]
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Figure 3.5: Schematic drawing for Titanium anodization cell [172].
affects the weak points in the oxide layer and exceeds the breakdown limit. These
points can be represented by defects, irregular layer thickness and local stress, at
which sparking and an increase in temperature may happen at these points, which
leads to localized melting. A significant increase in the number of defects occurs
because of the thermal stress caused by the difference in local temperatures and
thus, the same process is repeated at these new points [170]. According to anodiza-
tion parameters and electrolytes, the possible occurrence of three major reactions
will exist in the anodizing cell; dissolution of the metal and the formation of the
metal ions (Me+) that dissolve in the solution, the interaction of metal ions formed
with oxygen ions supplied by the water molecules in the electrolyte to form metal
oxide, which is found as a bulk layer on the metal surface in the case where the
metal oxide products are insoluble in the electrolyte, and the formation of porous
in the metal oxide layer as a result of competition between oxide formation and
oxide dissolution reactions in specific conditions [171].
As for titanium anodizing, the main reactions are [173]:
At the Ti/Ti oxide interface:
Ti⇔ Ti2+ + 2e− (3.1)
At the Ti oxide/electrolyte interface:
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2H2O ⇔ 2O2− + 4H+ (3.2)
2H2O ⇔ 2O2 + 4H + 4e (3.3)
At both interfaces:
Ti2+ + 2O2− ⇔ TiO2 + 2e (3.4)
Titanium oxide has a low conductivity compared with the electrolyte and the
metal substrate, therefore the ions and charge transfer from the electrolyte to
the metal surface, and vice versa, will be controlled by the applied voltage. The
relationship between the oxide layer thickness and the voltage follows the linear
equation [173]: t = aU , where t is oxide layer thickness, a constant within the
range [1.5-3]nm/V and U the applied voltage.
By employing titanium as an anode electrode in an anodization cell, employ-
ing a fluoride based electrolyte, a well aligned nanotube structure can be fabri-
cated [169]. The formation of TiO2 nanotubes can be briefly described as a com-
petition between metal oxide formation, represented by the equation:
Me+ 2H2O →MeO2 + 4H+ + 4e (3.5)
And metal oxide dissolution, as a soluble fluoride chemical compound:
MeO2 + 6F ⇒ [MeF6]2− (3.6)
With the absence of fluoride ions in the electrolyte, a layer of metal oxide will
be formed according to the reaction (3.5), where the oxygen ions required for the
oxidation process are supplied by water molecules within the electrolyte. As the
oxide layer has a low conductivity, it works as an insulator, which hinders the
transport of oxygen and titanium ions, the continued growth of the oxide layer has
controlled by field aid. Figure 3.6-a is a schematic drawing for the anodization of
titanium in electrolyte free from fluoride [174]. In electrolytes with the presence
of fluoride ions, a porous oxide layer is produced due to the reaction(3.6), as well
as the formation of the soluble compound [TiF6]
2− as a result of the following
reaction at the oxide/electrolyte interface:
Me4+ + 6F ⇒ [MeF6]2− (3.7)
By aid of an electrical field, a small radius of fluoride ions enter the metal oxide
lattice causes metal dissolution and formation of the soluble compound [TiF6]
2−
at the same time fluoride ions react with the transported metallic ions at oxide
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Figure 3.6: Schematic drawing for anodization of titanium in;(a) electrolyte free from fluoride
(b) electrolyte with presence of fluoride ions [161]
/electrolyte interface to form [MeF6]2− [175]. Figure 3.6-b is a schematic drawing
for the anodization of titanium in an electrolyte with the presence of fluoride.
The presence of fluoride ions in the electrolyte plays the main role for the
continuous growth of porous forming TiO2 nanotubes. The formation of TiO2
nanotubes was described previously as a competition between the growth and
dissolution of a titanium dioxide layer. The suggested mechanism for tube building
can be demonstrated in the following steps [176,177]:
1. Creation of TiO2 layer on metal surface according to the reaction
Ti4+ + 2H2O ⇒ TiO2 + 4H+ (3.8)
2. Occurrence of small cracks in the oxide layer due to the impact of the applied
voltage and the flow of the electrolyte to these cracks and promote dissolution
of TiO2 in these areas and formation of the soluble compound [TiF6]
2− as it
represented in the following reaction
TiO2 + 6F + 4H ⇒ [TiF6]2− + 2H2O (3.9)
3. Expansion of small cracks and the merging with other neighbours to form
pores
4. Continuation of the fluoride ion attack on TiO2, inside the pores, results in
pore growth and parallel tube formation
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Figure 3.7: the stages of TiO2 nanotubes formation [178]
Figure 3.7 shows the stages of TiO2 nanotubes formation. The resulting tubes
have a V-shape and have thinner walls in the top of tube than at the bottom. The
tubes take this form because the availability of fluorine ions is higher at the tubes
mouths, which enhances the dissolution of the tube walls at the top [179].
3.3 Factors influencing the nanotubes morphol-
ogy
.
There are many influencing factors affecting the morphology of TiO2 nanotubes
resulting from the anodization process, such as applied voltage, electrolyte com-
position, pH and anodizing time [180]. Table 3.1 presents variety of dimensions of
TiO2 nanotubes that can be obtained by controlling these factors.
3.3.1 Electrolyte type
Acids, alkaline or natural salts solutions have been used as electrolytes for the tita-
nium anodizing cell, to produce a wide range of oxide layer thicknesses [180]. It was
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Table 3.1: is a review of different dimensions for TiO2nanotubes on pure Ti substrate which
can be obtained by controlling the affecting factors.
Ref.No electrolyte Voltage Time Annealing condi-
tion
Diameter Length
[181] Ethylene glycol solu-
tion Containing 0.3
wt% NH4F and 2
vol% H2O.
60 V 20 min annealed at 500◦C
for 60 min
120 nm 18 µm
* 30 min * 120 nm 25.2 µm
* 40 min * 120 nm 30.8 µm
[136] Ethylene glycol elec-
trolyte with 0.25 wt%.
NH4F and 10 wt.%
distilled water
30 V 3 h Annealed at 500◦C
for 3 h in a muf-
fle furnace with a
preheating rate of 5
min.
100 nm 4 µm
[182] 3 wt% NH4F solution
in ethylene glycol con-
taining 2 vol% deion-
ized water
20 V 45 min Annealed in air
at 525◦C during 2
hours with a ramp-
up and ramp-down
rate of 1 min
40 nm for
the inner
diameter
and 60
nm for
the outer
diameter
1.2 µm
[183] ethyleneglycol (EG)
containing 0.3 wt.%
NH4F and 2 vol.%
deionized water
60 V 3 h 120 nm 46 µm
[184] Ethylene glycol, am-
monium fluoride and
DI-water
50V 30 min annealed at 450◦C
for 1 hour in air
34 nm
52 V 30 min * 44 nm 100 nm
55 V 30 min * 53 nm
57 V 30 min * 58 nm 200 nm
[185] solution containing an-
hydrous ethylene gly-
col + 0.27 M NH4F
and 0.2 wt% water
50 V 30 min annealed at 4500◦C
for 1 hour in air
34 nm
20 V 2 h Annealing was car-
ried out at 450◦C
for 3 h in air ambi-
ent.
54 1µm
25 V 2 h * 58.52 nm 1.04 µm
30 V 2 h * 70.29 nm 3.32 µm
35 V 2 h * 91.24 nm 3.68 µm
40 V 2 h * 77.33 nm 3.21 µm
45 V 2 h * 96.98 nm 4.27 µm
50 V 2 h * 119.68
nm
8.35 µm
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[186] Ethylene glycol (EG)
electrolyte containing
0.27 M NH4F and 1.5
wt% H2O. 0.5% HF
aqueous solution
40 V 19 h annealed at 550◦C
for 3 h in O2 atmo-
sphere
75 nm 1.3 µm
23 V 50 min * 100 nm 900 nm
[187] solution containing
0.334 g of NH4F
(Sigma-Aldrich) dis-
solved into 2.2 ml
of DI water and
97.47 ml of ethylene
glycol (anhydrous,
99.8%;Sigma-Aldrich).
The solution was
mixed for about 15
min using a magnetic
stirrer before the
commencement of
anodization.
55 V 24 h 160 nm 60 µm
[25] 0.5 wt% NH4F (98%
Sigma-Aldrich) with
4 ml (DI) in ethylene
glycol (Anhydrous,
99.8%, Sigma Aldrich
10 V 1 h annealed at 500 ◦C
for 3 hours
38 nm 780 nm
20 V * * 54 nm 845 nm
30 V * * 62 nm 1900 nm
40 V * * 68 nm 2200 nm
50 V * * 80 nm 3010 nm
60 V * * 65 nm 7000 nm
70 V * * 58 nm 8000 nm
80 V * * 48 nm 8200 nm
90 V * * 63 nm 9500 nm
100 V * * 70 nm 5000 nm
[188] solution containing 0.5
wt% NH4F (99.5%,
Sigma Aldrich) and 2.5
vol.% deionized wa-
ter in ethylene glycol
(98%, Sigma Aldrich)
60 V 15 min Annealed at 450◦C
for 30 min
100 nm 5 µm
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[189] 96 wt% ethylene gly-
col (EG) and 0.4 g of
NH4F dissolved in 3
wt% deionized water,
40 V 1 h Annealed at 420◦C
for 4 h with a heat-
ing rate of 1◦C/s to
form the crystalline
anatase phase
1.3 µm
[151] 0.27 mol L-1 tetra-
butyl ammonium flu-
oride solution in for-
mamide containing 3%
deionized water
20 V 45 min annealed in air at
525◦C during 2
hours with a ramp-
up and ramp-down
rate of 1 min
50 nm for
the inner
diameter
and 100
nm for
the outer
diameter
1µm
[190] 1:8 acetic acid-water
solution containing 0.5
vol % hydrofluoric acid
20 V 45 min Annealed at 500◦C
under Oxygen am-
bience for 5 hours
with heating and
cooling rate of 1
deg/ min.
50 to 90
nm
[167] Electrolyte containing
0.3 wt% NH4F and
2.0 % H2O. The elec-
trolyte was a mixture
of formamide (FA) and
ethylene glycol (EG),
for which the volume
ratio of EG was 0, 25,
50, 75 and 100 %, re-
spectively. The residue
H2O contained in EG
and FA can be ignored
compared with such an
amount of added H2O.
30 V 20 h
EG (v%)= 0 * * 97 nm 7.9 µm
EG (v%)= 25 * * 66 nm 6.4 µm
EG (v%)= 50 * * 50 nm 3.2 µm
EG (v%)=75 * * 41 nm 6.5 µm
EG (v%)= 100 * * 37 nm 11.1 µm
[191] 0.5% (w)
NH4F/glycerol elec-
trolyte
30 V 1 h 50 nm 750 nm
[192] glycerol electrolyte,
containing 0.3 wt%
NH4F and 2 vol%
H2O under magnetic
stirring
10 V 2 h 30 nm 1.1 µm
30 V 2 h 80 nm 3.1µm
50 V 2 h 140 nm 9.6 µm
70 V 2 h 176 nm 28 µm
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[134] glycerol (85%, Merck)
containing 6 wt% ethy-
lene glycol (Merck)
and 5 wt% ammonium
fluoride (Merck); the
glycerol used in this
study contained 15%
water
20 V 60 min annealed at 400 to
700◦C for 2 h in ar-
gon
80 nm 1 µm
30 V 60 min * 85 nm 1.1 µm
40 V 60 min * 115 nm 2 µm
50 V 60 min * 200 nm 2.2 µm
50 V 20 min * 65 nm 561 nm
50 V 30 min * 85 nm 641 nm
50 V 60 min * 85 nm 1100 nm
50 V 180
min
* 8 5nm 1770 nm
[190] aqueous solution of
0.5 wt % HF and
MH2SO4
10 V 30 min Annealed at 420◦C
for 4 h with a heat-
ing rate of 1◦C/s to
form the crystalline
anatase phase
50 nm 300 nm
[188] DMSO dimethyl sul-
foxide electrolyte con-
taining 2% HF
10 V 70 h annealed in oxygen
above 525◦C
5 µm
20 V 70 h 22 µm
30 V 70 h 50 nm 40 µm
40 V 70 h 120 nm 53 µm
60 V 70 h 150 nm 93 µm
DMSO electrolyte, 1%
HF
40 V 70 h 13 µm
60 V 70 h 23 µm
DMSO electrolyte, 2%
HF
40 V 70 h 53 µm
DMSO electrolyte,4%
HF
40 V 70 h 52 µm
60 V 70 h 15 µm
DMSO electrolyte, 6%
HF
40 V 7 h 10 µm
60 V 7 h 7 µm
DMSO electrolyte, 2%
HF
40 V 20 h 16 µm
40 V 30 h 26 µm
40 V 40 h 31 µm
40 V 70 h 53 µm
40 V 90 h 48 µm
0.3% NH4F and ethy-
lene glycol solution
(2% water)
60 V 17 h 160 ◦C 222 µm
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[161] glycerin water (70 : 30
of volume ratio) with
NH4F in the content
range of 0 2% (in mass
fraction).
20 V 1 h 100 nm 1200 nm
[155] Electrolyte consisting
of 0.5 wt.% NaF +
0.5 M Na2SO4 +0.5
M H3PO4 + 0.2 M
sodium citrate whose
pH value was adjusted
using NaOH reagent.
20 V 18 h annealed at 500◦C
for 2 h under air
ambient
pH= 1 110 nm 1 µm
pH= 3 * * * 110 nm 1.5 µm
pH= 4.2 * * * 110 nm 2.6 µm
pH= 5 * * * 110 nm 3 µm
[193] 1 M (NH4)2SO4 : 20 V 60 min
0.5 wt% NH4 80-100
nm
1 wt% NH4 * * 90-130
nm
3 wt% NH4 * * 110-130
nm
450-480
nm
5 wt% NH4 * * 60-90 nm
4 nm
300-340
nm
1 M Na2SO4: * *
0.5 wt% NH4 * * 50-80 nm
1 wt% NH4 * * 20-30 nm
3 wt% NH4 * * 75-100
nm
670-730
nm
5 wt% NH4 * * 75-100
nm
650-680
nm
*= The same condition above
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observed that the highest oxide layer obtained can be achieved utilising H2SO4
solution. It was also demonstrated that the TiO2 tubular structure can be formed
using solutions containing fluoride as the electrolyte [75,182,194]. Organic or inor-
ganic solutions that contain fluoride ions are usually used in the anodizing cell to
produce titanium nanotubes. Chemical dissolution and fluoride ion transmission
rate is relatively low in organic solutions and the formed tubes in the viscous or-
ganic electrolyte will be more homogeneous however rather partially covered with
a hazy layer [152,195]. In the electrolyte consisting of a mixture of formamide (FA)
and ethylene glycol(EG) with the presence of (0.3 wt%)NH4 and(2v %)H2O; it was
demonstrated that anodization under 30V for 20h, the resulting tube diameters and
wall thicknesses decrease with increasing EG percentage in the electrolyte. Oth-
erwise, the tube lengths decrease and then increase with increasing EG content.
The nanotube outer surface has an o-ring shape, which is due to the presence of
FA, with high roughness, which increases with an increasing FA content in the
electrolyte [167]. Earlier study has shown that an increased water content in the
electrolyte leads to increased tube diameter and decreased tube length as well as
barrier layer thickness. On the other hand, increased NH4F concentration in the
electrolyte decreases tube diameter and increases tube length [195]. Figure 3.8
shows TiO2 nanotubes prepared in different electrolytes. Sreekanta and Mee stud-
ied the influence of fluoride ion concentration in two electrolytes 1M(NH4)2SO4
and 1MNa2SO4 on TiO2 nanotubes. Pure titanium was anodized under 20V,
for 60min, with different concentrations of NH4F (0.5, 1, 5wt%) for each elec-
trolyte. It was found that as the F ions increased from 0.5 to 3%(NH4)2SO4
electrolyte, the pore diameter increased while a small diameter was obtained with
5wt% of H4F . According to the researchers explanation, in 0.5wt% the low disso-
lution rate leads to form small diameter pores. In 3wt% concentration of NH4F ,
the F ions concentration increase and this resulted in increasing pore diameters
during the formation of TiO2 nanotubes. For 5wt% concentration of NH4F , ir-
regular nanotubes formed due to the extremely high dissolution rate. The same
results were obtained in Na2So4 electrolyte with shorter tube length due to the
lower current density compared with the NH4F electrolyte [193].
3.3.2 Electrolyte PH
.
It is known that the electrolyte PH has a direct impact on the chemical reaction
rate of the porous oxide layer etching, which in turn results in the formation of Ti-
tania nanotubes [158]. Previous studies have shown that a clear tubular structure
can be distinguished on an anodized titanium substrate, in 60 mL of 0.15MNH4F ,
under voltage of 20 V, for 1 h, and at pH values ranging from 2 to 4, with approx-
imate values of 67 nm ±10nm and 16 nm ±3nm for the average inner diameter
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Figure 3.8: TiO2 nanotubes prepared in different electrolytes [a] in acidic or HF containing
electrolyte [b] electrolyte consist of glycerol+ fluoride [c] electrolyte consist of Ethylene glycol+
fluoride [161]
and wall thickness, respectively. At this range of pH, tube lengths were observed
to have increased, as the pH increased, with length values estimated at 198 nm,
267 nm and 295 nm for pH 2, 3 and 4 respectively. At low pH (e.g., pH2), the high
concentration of H+ ions enhances the dissolution rate of the oxide layer according
to the reaction 3.9 which leads to short nanotube formation.
With an increasing value of pH, the increasing length of tubes formed is due to
the decrease in the rate of dissolution of the oxide layer, resulting from the decline
in the concentration of hydrogen ions. At the same time, an increase in oxide layer
formation also leads to formation of longer tubes. For a pH value greater than
or equal to 5, no tubular structure can be formed because of the low [H] ions
concentration [166].
Joseph et al. [196] show that various sizes of TiO2 nanotubes can be produced
by anodization of titanium, in an electrolyte composed of ethylene glycol (EG,
99.5%, sigma-Aldrich), ammonium fluoride (0.35 g) (NH4F , 98%, Merck) and
deionized water(DI)under 30 V by adjusting the electrolyte pH. For a range of
acidic pH(1-6), it was found that tube lengths increase from 3.5 µm to 5.2 µm under
the same voltage and time conditions (30 V, 5 h). In an alkaline electrolyte, up
to pH 10, tubes with 5.6 µm length can be obtained but, for electrolyte with
pH>12, the tubular structure of only 1.8 µm length was produced.
3.3.3 Applied Voltage
.
A wide range of tube diameters can be fabricated by controlling the applied
voltage in the titanium and titanium alloys anodizing process. Figures 3.9 and 3.10
show the effect of the voltage on tube diameters, we can clearly see that the increase
in cell voltage leads to an increase in the diameter of the produced tubes [197]. For
anodization experiments carried out under different voltages 10 V, 30 V, 50 V and
70 V, in an electrolyte of glycol with 0.3 wt% NH4F and 2 vol% H2O, it has been
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shown that both diameter and length of the nanotubes increased up to 176 nm
and 28 µm respectively. This is due to the competition between reaction (3.1) and
reaction (3.4), as the formation and dissolution of titanium dioxide determines the
tube length and wall thickness. The voltage increase leads to an increase in the
movement of ions, which enhances the transmission of ions over the oxide layer,
thus increasing the oxidation rate of the metal [181]. Sreekantan et al [198] studied
the effect of applied voltage on nanotubes morphology, by anodizing titanium
in glycerol containing 6 wt% EG and 5 wt% NH4F . Experiments were carried
out by applying five different voltages (20 V, 30 V, 40 V, 50 V and 60 V). It
was shown that a uniform pattern could be achieved with a voltage less than 30
V, but they tended to be irregular up to 50 V, whereas the structure damage
and tube dissolution was significant at 60 V. Both the length and diameter of
nanotube increases with a voltage increase up to 60 V, but the structure was
entirely damaged at 60 V. To study the effect of the anodization potential on
titanium nanotube morphology, titanium samples were anodized in 0.15 M NH4F ,
with a pH of 4, under different voltage values, ranging from 1 V to 40 V, for 1
h. Ying et al [166] show that a thorny-like structure formed at 1 V and there is no
presence of nanotubes at this voltage value. It was shown that 1 V is an unsuitable
voltage to produce titanium nanotubes because no pore initiation was found. A
ring-like structure, which represents the start of nanotube formation, was noticed
for the sample anodized at 5 V. It was proven that an extension of the anodization
time under this voltage (5 V) would result in the complete formation of a tubular
structure.
To investigate the influence of the applied voltage on the morphology of TiO2
nanotubes produced by anodizing of titanium alloys, a Ti-W alloy (Ti:W = 91:9
attomic%) was anodized in 0.2 M HF ( 40% vol,Merck), in a voltage range of
60 to 140 V, for 1 h. A foil of Ti was anodized at 120 V for 24 h to age the
electrolyte before using it to anodize the Ti-W alloy. At 60 V, a layer of small
interconnected pore structures were produced. A clear tubular structure, with
tubes of 190 nm diameter and 2.6 µm length, was observed at 80 V. However,
when the voltage increased to 140 V, longer tubes with bigger diameters, 205 nm
and 7.3 µm respectively was obtained [199].
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Figure 3.9: The effect of applied voltage on TiO2 nanotubes diameter result from anodization
of TiNb and TiZr alloys [161]
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Figure 3.10: SEM images of the TNT arrays prepared using (a)–(c) DEG/HF, (d)–(f)
EG/NH4F , and (g)–(i) DMSO/HF as electrolytes at applied voltages of (a), (d), (g) 25 V,
(b), (e), (h) 40 V, and (c), (f), (i) 60 V for 24 h. [200].
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3.3.4 Anodization Time
.
It was believed that anodization time affects tubes morphology. As oxide layer
thickness increases with an increasing anodizing time, the tube lengths also in-
crease with time until a balance between the formation and dissolution of tita-
nium oxide occurs. After this point, the nanotube length become independent of
anodizing time.
In general more regular nanotubes are formed with a shorter anodization pro-
cess duration. On the contrary, a long anodizing time leads to the formation
of irregular nanotubes, as a result of excessive dissolution occurring along the
whole tube length [169]. Figure 3.11 shows TiO2 nanotubes fabricated at different
times, for Ti anodizing. The effect of the anodization time on the TiO2 layer mor-
phology was studied by Park et al [201], by anodizing titanium foil in an ethylene
glycol solution containing 0.3 wt% NH4F and 2 vol % H2O under 60 V. Park et
al [181] explained that the corrosion current increases with increasing anodizing
time in the initial stages of the anodizing process, due to the dissolution of the
metal oxide film. The transformation of oxide layer to a tubular structure starts
when the corrosion current begins to decrease. It was demonstrated that tubes
lengths resulting from anodizing at 60 V for 20 min, 30 min and 40 min, increase
from 18 µm for 20 min to 30.8 µm for 40 min. Although tube length has no sig-
nificant influence on the biocompatibility of TiO2 nanotubes, as the cells contact
the tubular structure at the upper ends of the tubes, nanotubes with length of
a few hundreds of nanometres are mostly produced becausethey are easily fabri-
cated [202]. On the other hand, it was found that tube length has a great effect
on the drug elution rate which can be adjusted by controlling the aspect ratio of
the nanotubes [203].
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Figure 3.11: FESEM images of TiO2 nanotube arrays fabricated by anodizing of Ti metal in
different time;(a) 20 minutes (b) 30 minutes (c) 40 minutes [204]
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3.4 Nanotubes using Titanium Alloy substrate
.
Similar to pure titanium, titanium alloys can be anodized in the same way
to produce nanotubes and to improve their properties. Single phase Ti alloys are
preferred to produce tubular structure because multiple phase alloys often suffer
from selective dissolution [205]. To enhance nanotubes properties for a wide range
of applications, more attention has been directed to fabricate nanotube structures
on a variety of alloys. As with pure titanium, the nanotube layer can be grown
on different titanium alloys, such as binary alloys, complex biomedical alloys, in-
termetallic compounds by use of the same anodization process in dilute fluoride
electrolytes [206–208]. Figure 3.12 shows images of nanotubes for different Ti al-
loys. The nanotubes result from the anodization of titanium alloys consisting of
mixed anodic oxides of the alloys elements, which can be controlled for a wide
range of tube geometries and properties, which results in a wide range of applica-
tions [130, 184, 208]. Table 3.2 presents different dimensions for TiO2 nanotubes
on Ti alloy substrates, which can be obtained by controlling the affecting factors.
It was postulated that TiO2 nanotubes dimensions(length and diameter)can
be controlled over a wider range for the Ti-Nb alloy rather than for pure titanium.
The mixed oxide nanotubes resultant from the Ti-Nb alloy anodizing process can
be fabricated over the range of 0.5 to 8 µm in length and 3 to 120 nm of diame-
ter [161]. Liu-et al [143] showed the possibility of the formation of highly ordered
Ti-Nb-Zr-O nanotube arrays, by anodizing Ti-Nb-Zr alloy in 1 M NaH2PO4, con-
taining 0.5 wt% of HF electrolytes. It was found that the length of the nanotubes
is directly proportional to the content of Zr and both of length and diameter of
Ti-Nb-Zr-O nanotube could be controlled by controlling the applied voltage.
In general, oxidation of an alloy leads to the formation of an oxide layer with a
composition ratio corresponding to the matrix alloy. As for Ti-Al alloy, the oxide
layer mainly consists of TiO2 and Al2O3 with the same ratio that Ti and Al are
found in as basic alloys [209]. Inhomogeneous surfaces were observed on oxide
tubular layers after anodization of Ti alloys such as Ti-Al, Ti-6Al-7Nb, Ti45Nb as
a result of dissolution of certain phases due to the disparity in stability of alloys
phases. The EDS analysis show that the produced nanotubes from anodizing of Ti-
6Al-7Nb alloy consist of more than 69 wt% of TiO2 and less than 11 wt% of Ti2O3,
Al and Nb oxides together [187]. The heterogeneity of elements distribution in the
oxide layer affects the surface fractions of (α+β) phase. For anodized Ti6Al7Nb
it was observed that tubular structure consist of 78 % of α-phase enriched with
Al2O3 and 22 % of β-phase enriched with niobium. Kim and co workers reported
thatβ-phase alloys was introduced as the preferred phase for implant biomaterials
and this phase could be stabilized by the presence of some special materials such
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Figure 3.12: SEM images of nanotubes for different Ti alloys (A), TiAl intermetalic compound
(B), TiNb alloy (C) and TiZr alloy (D) by anodization in fluoride containing electrolytes. The
insets show top-views of the nanotube layers [161].
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as Pd, Ta, V, Nb, Mo and Ni [2, 187]. From this point of view the existence of
such β-phase stabilizing elements in a certain sites will enhance β-phase formation
and as a result improving the biocompatibility. For Ti-Ni alloy, Ti-Ni-O nanotubes
with highly ordered arrays were fabricated through the anodization of the alloy
in a non-aqueous electrolyte of 5 vol.% ethylene glycol/glycerol containing 0.30 M
(NH4)2SO4 and 0.2 M NH4F [209].
The presence of fluoride in the electrolyte is a crucial factor for nanotube layer
formation and the nanotubes corrosion increases with increasing fluoride concen-
tration in the electrolyte. Ti-Ni-O nanotubes were successfully fabricated as Ti-Ni
of atomic ratio 1:1 alloy was anodized in organic electrolyte of 5 vol.% ethylene
glycol/glycerol containing 0.3 M (NH4)2SO4 and 0.2 M NH4F . fluoride ions con-
centration play an important role in tubes morphology. It was shown that highly
ordered Ti-Ni-O nanotubes formed in lower fluoride concentration electrolyte and
Ti-Ni-O nanotubes suffered from high dissolution rate in high fluoride concentra-
tion electrolyte because of the high susceptibility to dissolution of nickel in the
electrolyte solution [210].
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Table 3.2: is a review of different dimensions for TiO2nanotubes on Ti alloy substrates, which
can be obtained by controlling the affecting factors
Ref.No alloy electrolyte voltage time diameter length annealing
condition
application
[209] Ti35Nb5Zr 1M NaH2PO4
containing 0.5
wt% HF .
20 V 90
min
no nan-
otubes
local drug re-
lease,apatite
formation
and facili-
tating quick
cell adhesion
and spread-
ing [211]
30 V * 170 nm 4.75 µm were an-
nealed at
500 ◦C in
air
40 V * 220 nm 4.80 µm
Ti35Nb10Zr * 20 V 98 nm 2.26 µm
30 V * 150 nm 5.23 µm
40 V * 206 nm 6.12 µm
Ti35Nb15Zr * 20 V 103 nm 3.25 µm
30 V * 153 nm 5.84 µm
40 V * 210 nm 8.13 µm
[210] IMI 834 HF (0.5 wt%) 20 V 45
min
no nan-
otubes
The sam-
ples were
annealed
at 500◦C
surgical im-
plants [212]
CH3COOH
(2M) + HF
(0.5 wt%)
20 V 45
min
no nan-
otubes
H3PO4(1M) +
HF (0.5 wt%)
20 V 120
min
100 nm
H2SO4 (1M)
+HF (0.5 wt%)
20 V 120
min
100 nm
[213] Ti-
20Nb(dual-
phase)
0.5% HF aque-
ous solution.
20 V 0.5 h no nan-
otubes
Calcinated
at 550 ◦C
for 2 h in
air
To improve
the pho-
tocatalytic
properties of
T iO2
0.5% HF
aqueous solu-
tion (adjust
to PH 3.5 by
ammonia)
20 V 0.5 h 92 nm 1 µm
0.3% NH4F
ethylene glycol
solution con-
tain3% water
volumetric.
60 V 3 h 87 nm 18.6 µm
Ti-
20Nb(single
phase)
0.5% HF aque-
ous solution.
20 V 0.5 h 92 nm 1 µm
0.5% HF
aqueous solu-
tion (adjust
to PH 3.5 by
ammonia)
20 V 0.5 h 100 nm 2 µm
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[2] Ti-30Nb 1 M H3PO4
with 0.8 wt.%
NaF
10 V 2 h 400 nm 2 µm Implant material
(to improve bio-
compatibility and
their Osseointe-
gration) [2]
100 nm
Ti-30Nb-3Ta 1 M H3PO4
with 0.8 wt.%
NaF
10 V 2 h 350 nm 2.5 µm
90 nm
Ti-30Nb-
15Ta
1 M H3PO4
with 0.8
wt.%10 V
10 2 h 300 nm 3.5 µm
85 nm
[208] Ti–35Nb 1 M H3PO4
containing 0.8
wt.% NaF
10 V 2 h 120 nm 2.75 µm Modify the elas-
tic modulus is to
be close to that
of a human bone,
in order to trans-
fer the adequate
mechanical stress
to the surrounding
bone [214]
Ti–35Nb–3Hf 106 nm 4.5 µm
Ti–35Nb–7Hf 97 nm 4.25 µm
Ti–35Nb–15Hf 90 nm 5.5 µm
[209] Ti35Nb 1M
(NH4)2SO4
solution con-
taining 0.5
wt% NH4F
10 V 1.5 h Porous
struc-
ture
Porous
structure
enhanced bioac-
tivity and promote
mesenchymal
stem cell adhesion
and spreading
as well as extra-
cellular matrix
formation. This
nanotube/alloy
system has great
potential for
biomedical appli-
cations especially
in orthopedic
and dental im-
plants [209]
15 V 60 nm 1.2 µm
[4] Ti–21Nb–11Sn
0.31
M NaF +
ethylene gly-
col/water
(50:50) elec-
trolyte solution
10 V 1 h 20 nm 500 nm minimizing the
stress shield-
ing effects for
orthopedic im-
plants [215]
20 V 67 nm 1 µm
30 nm
30 V 110 nm 1.7 µm
40 nm
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[5] Ti-6Al-4V ethylene glycol
(EG) with the ad-
dition of a certain
amount of NH4F
and H2O:
prosthesis hip
replacements,
dental implants
[207,216]
(F-content,0.2 Wt
%),(H2O content 2
vol%)
20 V 1 h 75 nm 0.6 µm
(F-content,0.2
Wt%),(H2O con-
tent 3v ol%)
30 V 2 h no nan-
otubes
(F-content,0.2
Wt%),(H2O con-
tent 4 vol%)
40 V 3 h 90 nm 2.6 µm
(F-content,0.2
Wt%),(H2O con-
tent 2 vol%)
50 V 4 h no nan-
otubes
(F-content,0.3
Wt%),(H2O con-
tent 2 vol%)
30 V 4 h 125 nm 3.6 µm
(F-content,0.3
Wt%),(H2O con-
tent 3 vol%)
20 V 3 h 100 nm 1.4 µm
(F-content,0.3
Wt%),(H2O con-
tent 2 vol%)
50 V 2 h 130 nm 8 µm
(F-content,0.3
Wt%),(H2O con-
tent 2 vol%)
40 V 1 h 110 nm 1.3 µm
(F-content,0.4
Wt%),(H2O con-
tent 2 vol%)
40 V 2 h 130 nm 5.6 µm
(F-content,0.4
Wt%),(H2O con-
tent 3 vol%)
50 V 1 h 110 nm 2.3 µm
(F-content,0.4
Wt%),(H2O con-
tent 4 vol%)
20 V 4 h 90 nm 1.6 µm
(F-content,0.4
Wt%),(H2O con-
tent 5 vol%)
30 V 3 h 110 nm 1.4 µm
(F-content,0.5
Wt%),(H2O con-
tent 2 vol%)
50 V 3 h 170 nm 1.3 µm
(F-content,0.5
Wt%),(H2O con-
tent 3 vol%)
40 V 4 h 140 nm 3 µm
(F-content,0.5
Wt%),(H2O con-
tent 4 vol%)
30 V 1 h 110 nm 1.7 µm
(F-content,0.5
Wt%),(H2O con-
tent 5 vol%)
20 V 2 h 85 nm 1.5µm
(F-content,0.2
Wt%),(H2O con-
tent 4 vol%)
30 V 1 h 100 nm 1 µm
(F-content,0.2
Wt%),(H2O con-
tent 4 vol%)
40 V 1 h 100 nm 1.5 µm
(F-content,0.2
Wt%),(H2O con-
tent 5 vol%)
30 V 1 h 100 nm 1 µm
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[217] Ti-6Al-
4V alloy
electrolyte mix-
ture of ethylene
glycol(Fisher),
0.3 wt% NH4F
(Fisher) and 2 vol%
DI water
20 V 1 h 50 nm 1 µm prosthesiship
replacements,
dental implants
[213,218]
40 V 97.5 nm 3.5 µm
60 V 100 nm 4 µm
70 V 155 nm 4.5 µm
90 V 160 nm 6.7 µm
[219] Ti6Al4V ethylene glycol(EG)
and ammonium flu-
oride (NH4F ) with
amountof:
60 V 1 h annealed
at 400
◦C for
4 hours
in ar-
gon
atmo-
sphere
increased
active surface
area to improve
cell adhesion
and prolifera-
tion findings
in orthopedic
implants [219]
1 wt% of NH4F * * no nan-
otubes
3 wt% of NH4F * * no nan-
otubes
4 wt% of NH4F * * 81 nm 3.4 µm
5 wt% of NH4F * * 110 nm 3.4 µm
5 wt% of NH4F * 20
sec
no nan-
otubes
1
min
0.5 µm
5
min
64 nm 2.4 µm
10
min
70 nm 4 µm
15
min
75 nm 4 µm
30
min
100 nm 2.8 µm
1 h 110 nm 3.4 µm
3 h 110 nm 9 µm
6 h 150 nm 9 µm
[220] Ti-10Zr 1M H3PO4 con-
taining 0.5 wt% NF
10 V 2 h 150-200
nm
800 nm Annealing
at
500◦C
for 1 h
minimize stress
shielding for
orthopedic
and dental im-
plants applica-
tions [220,221]
Ti-10Zr 1M H3po4 contain-
ing 0.5 wt% NF
10 V 2 h 150–200
nm
800 nm
Ti–20Zr 150–200
nm
1.25 µm
Ti–30Zr 150–200
nm
1.7 µm
Ti–40Zr 150–200
nm
1.9 µm
*= The same condition above
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3.5 Effect of doping on TiO2 nanotubes
.
TiO2 nanotubes possesses a great potential to be used as microelectrodes to
investigate cell activities in many medical application including cardiomycyte and
neuroscience. In its pure form, TiO2 is not conductive enough making it unsuitable
for such applications. However, the conductivity of TiO2 nanotube structures could
further be improved by employing titanium alloys during anodization process or
performing doping [222]. It is reported that the biocompatibility and electrical
conductivity of TiO2 nanotube could significantly be improved [123].
In the past decades, great efforts have focused on introducing metal ions as elec-
trical active particles into a TiO2 lattice, by physical or chemical methods [223]. There
are five major approaches for doped TiO2 nanostructure production. The first is to
treat the achieved or growing TiO2 nanostructure in the solution or molten-doped
material. The second is the heat treatment of the TiO2 nanostructure in the gas
ambient of the doped particles. The third approach involves with the fabrication
of the TiO2 nanostructure by sputtering in the ambience of doping material. High
energy implantation is the fourth approach and fifth is the electrochemical oxida-
tion of a suitable alloy or merge active particles in the electrolyte with TiO2 nano
structure by the same oxidation process [144]. It is difficult to fill TiO2 nanotubes
with metal ions because the deposition direction is from the top of the tubes to
the bottom and the metal ions essentially block the tubes. To solve this problem a
new strategy was employed by J.M.Macak et al in which tube bottoms were made
to be more conductive to reverse the deposition direction from the bottom to the
top of tubes [215]. High electron-hole recombination and poor sensitivity to visible
light were reported as the two main limitations of TiO2 nanostructures. These can
be overcome by implanting metal particles in the TiO2 structure, because of their
ability to absorb the visible light and the energy level of these particles corresponds
with TiO2 band gap and low energies were needed to excite their valence electrons
to the conduction band of TiO2 [224].
To improve TiO2 nanotubes conductivity,Ti
4+ should be reduced to Ti3+, which
is more conductive. This can be achieved by charging the tubes with negative
charge to absorb the positive ions from the electrolyte [145]. A single-phase for
Ti-20Nb alloy was successfully anodized to prepare uniform niobium-doped TiO2
nanotubes arrays. It was shown that electrochemical oxidation of the multiple-
phase Ti-20Nb alloy leads to selective dissolution, due to the non-homogeneous
distribution of alloy components. Anodization of a dual phase Ti-20Nb-FC alloy,
in a weak dissolution strength electrolyte, could produce uniform nanotube ar-
rays. After heat treatment, niobium ions (Nb5+) were implanted in TiO2 crystal
lattice by substituting Ti4+ ions, which shows the possibility of introducing other
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transition metal dopants into the TiO2 nanotube arrays through the anodizing
process [221].Gold nanoparticles were successfully doped on TiO2 nanotubes by
anodization of titanium plates followed by an electroplating process. SEM images
revealed the uniform distribution of gold particles on TiO2 nanotube surfaces. The
tubes with a diameter of 70-90 nm form a TiO2 layer [222]. Isimjan et al [223] doped
Fe, C and N in TiO2 nanotubes in a two-step anodizing process that includes an-
odizing of titanium foil in a glycol solution containing NH4 (0.38 wt%) and H2O (
1.79 wt%), by applying 30 V for 3 h. The second anodizing process was performed
in glycol, containingNH4 (0.38 wt%), H2O ( 1.79 wt%) and K3Fe(CN)6(0.38wt%),
for another 3 h after removing the first anodized TiO2 nanotubular. The samples
were then annealed in air at 550 ◦C for 3h.
3.6 Conclusion
Nanotube structures have gained tremendous attention in medical domain due to
their inherent structural and mechanical properties. In many medical application
including cardiomycyte and neuroscience, such nanostructures are employed as
microelectrodes to detect and analyse individual cell activity. Among such struc-
tures titanium nanotubes TiO2 have received paramount attention due to their
unique properties, such as high corrosion resistance, non-magnetic, low specific
gravity, high strength as well as inherent biocompatibility allowing great cell pro-
liferation, adhesion and mineralization. In its pure form, TiO2 is not conductive
enough making it unsuitable for such applications. However, the conductivity of
TiO2 nanotube structures could be improved by employing titanium alloys during
anodization process or performing doping. It is reported that the biocompatibility
and electrical conductivity of TiO2 nanotube could significantly be improved.
A tubular structure of TiO2 with ordered nanotubes and controllable mor-
phology can be produced on titanium and its alloys by anodisation process. This
controlled morphology for TiO2 nanotubes layer plays a key role in biomedical
applications. Cell adhesion, proliferation and wet ability can be greatly enhanced
by varying tubes diameter and tubes wall thickness. Diameter, length and wall
thickness of TiO2 nanotubes can be controlled by varying anodisation parame-
ters. However nanotubes with diameter 15 to 50 nm has proven to enhance the cell
adhesion and growth, critical for many in-vitro cell analysis applications. For best
electrical conductivity, TiO2 nanotubes with the smallest possible diameter and
with the wall half thickness bigger than the space charge layer are favourable. Fur-
ther studies are required to improve the conductivity of the nanotubes to expand
their scope of biomedical applications to include neuroscience applications.
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Chapter 4
Materials And Methods
This chapter describes the experimental set up and explains the conditions of the
anodization of titanium in organic-based electrolyte containing fluoride ions with
and without different dopants. Details regarding the annealing of the anodized
samples are also discussed. Techniques used for morphological and structural char-
acterization of fabricated nanotubes as well as characterization of the morphology
of the cultured cells on the nanotube arrays are presented. Detailed information
about electrochemical measurements including the electrochemical impedance and
cyclic voltammetry measurements are provided. The chapter also discussed the
protocols of cell culture and cell counting.
4.1 Anodizing system
The experimental system has been used to fabricate TiO2 nanotube arrays was
presented in Figure 4.1. The system consists of Dual-Range DC power supply
(GWinstek-SPO-3606) provides up to 100 V, electrochemical cell and multimeter.
The electrochemical cell was made of Teflon. The cell consist of a glass beaker, a
sample holder and a lid to keep the electrolyte clean and to prevent its leakage. The
lid supports the sample holder and the platinum counter electrode.
4.2 Preparation of titanium samples for anodiza-
tion
Rectangular samples of titanium foils (1 cm × 1.5 cm × 50 µm purity of 99.7 %,
Sigma-Aldrich) were cleaned in an ultrasonic bath in a beaker containing 30 vol.%
acetone, 30 vol.% ethanol and 40 vol.% distilled water for 10 minutes.
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Figure 4.1: The components of the anodizing system. The system includes electrochemical cell,
power supply and multimeter.
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4.3 Fabrication of TiO2 nanotube arrays
Titanium samples were used as the anode and a standard platinum electrode
(99.9% Sigma-Aldrich) was used as the counter electrode in the anodizing cell
separated at a distance of 2 cm. The anodizing process was carried out in ethylene
glycol (anhydrous, 99.8% sigma Aldrich) containing 0.5 wt% NH4F (98% Sigma-
Aldrich) and 4 vol% of deionized water. Previous studies pointed out that highly
ordered nanotubes with a wide range of nanotube morphology could be obtained
using this electrolyte. Chemical dissolution and fluoride ion transmission rate is
relatively low in organic solutions and the formed tubes in the organic electrolyte
will be more homogeneous [172, 178]. It was reported that with the presence of
(0.3wt.%) NH4F and (2 vol.%) H2O in ethylene glycol, the resulting tube di-
ameters and wall thicknesses decrease with decreasing NH4F percentage in the
electrolyte [3]. It has been also reported that increase the concentration of NH4F
more than 0.5 wt.%, irregular nanotubes formed due to the extremely high dissolu-
tion rate. A previous study demonstrated that increase of the water content in the
electrolyte leads to the increase in tube length [180]. Considering the focus of our
work is to improve the electrochemical conductivity of the nanotubes, nanotubes
with thick walls and short tubes are required. Therefore, the employed electrolyte
is considered to be the most suitable option.
To fabricate TiO2 nanotubes with different morphology by carrying out less num-
ber of experiments, experiments were set by changing one of the parameters of
anodization (applied voltage) and fixing other parameters. The samples were an-
odized at applied voltages of 10 V, 20 V, 30 V, 40 V, 50 V and 60 V. All experiments
were performed at 20 ◦C for 1 hour. The anodized samples were directly rinsed by
water and dried by nitrogen gun.
4.4 Fabrication of zinc doped TiO2 nanotube ar-
rays (ZnTiO2 )
To fabricate Zn doped TiO2 nanotubes, sample was anodized in electrolyte con-
sists of ethylene glycol containing 0.5 wt% NH4F and 4 vol% of deionized water
and 0.01 M Zn(NO3)2. The electrolyte was prepared by dissolving 0.12 gm of
Zn(NO3)2 in 4 ml of deionized water. Then, 0.5 gm of NH4F was dissolved in the
Pre-prepared Zn(NO3)2 solution. Finally, the resultant solution was added to 95
ml of ethylene glycol and well mixed. Titanium sample was anodized at a constant
voltage of 40 V for 1 hour at a temperature of 20 ◦C.
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4.5 Fabrication of strontium doped TiO2 nanotube
arrays (SrT iO2 )
To dope strontium ions in the lattice of TiO2, titanium foils were anodized in
ethylene glycol containing 0.5wt% NH4F , 4 vol% and 0.06 M anhydrous strontium
hydroxide salt (Sr(OH)2). First, strontium hydroxide solution was prepared by
dissolving 0.58 gm of Sr(OH)2 in 4 ml water. Then, 0.5 gm of NH4F was dissolved
in the pre-prepared strontium hydroxide solution. Finally, the resultant solution
was mixed well with 95 ml of ethylene glycol. Titanium foils were anodized at 40
V for one hour at a temperature of 20 ◦C.
4.6 Fabrication of carbon doped TiO2 nanotube
arrays (CTiO2 )
Carbon doped nanotube arrays were fabricated by anodizing titanium foils in an
electrolyte consists of ethylene glycol and 0.5wt% NH4F mixed with 4 vol% of
aqueous solution of polyvinyl alcohol (PVA). To investigate the effect of the dopant
concentration on the nanotube morphology and their properties, three different
concentrations of PVA aqueous solution (1wt%, 1.5wt% and 2wt% of PVA) were
used. First 1 gm of PVA was very slowly added to 100 ml of deionized water
with stirring till a homogenous solution with concentration of 1wt% PVA was
obtained. By repeating the same aforementioned steps, another solutions with
concentrations of 1.5wt% and 2wt% of PVA were prepared by adding 1.5 gm and
2 gm respectively to 100 ml of deionized water. To prepare the electrolyte of the
anodizing cell, 0.5 gm of NH4F was dissolved in 4 ml of pre-prepared PVA aqueous
solution, then the resultant solution was mixed with 95 ml of ethylene glycol. A
constant voltage of 40 V between cathode and anode was applied for 1 hour a
temperature of 20 ◦C to fabricate carbon doped TiO2 nanotube arrays.
4.7 Fabrication of copper doped TiO2 nanotube
arrays (CuTiO2 )
Titanium samples were anodized at a constant voltage of 40 V for 1 hour in an elec-
trolytes of ethylene glycol containing 0.5 wt% NH4F, 4 vol% deionized water and
different concentrations of copper nitrate (0.01M, 0.02M and 0.03M). To prepare
the previously mentioned electrolytes, 0.12 gm of copper nitrate was dissolved in
4 ml of deionized water. Then, 0.5 gm of NH4F well dissolved in the pre-prepared
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aqueous solution of copper nitrate. Ultimately, an electrolyte containing 0.01M
copper nitrate was obtained by mixing the eventual solution with 95 ml of ethy-
lene glycol. For electrolytes containing 0.02M and 0.03M copper nitrate, the same
previous protocol was followed by using 0.24 gm and 0.37 gm of copper nitrate
respectively.
4.8 Annealing of TiO2 nanotube arrays
After anodization, titanium samples were directly rinsed by water and dried by
nitrogen gun. Samples of as fabricated TiO2 nanotube arrays were annealed in
air at a temperature of 500 ◦C in a SCE Horizontal tube Furnace (Jetlow fur-
naces,with a FP93 Controller/Programmer) with a heating rate of 4◦C/min and
dwell time of 3 hours to ensure complete transformation from amorphous to crys-
talline structure. It was shown that annealing in about 500 ◦C leads to formation
of anatase phase which is the most conductive phase among the three crystalline
structures of TiO2 [72, 225]. To investigate the effect of nitrogen doping on the
electrical and biological properties of TiO2 nanotubes, another set of samples of
as fabricated TiO2 nanotube arrays were annealed under a flow of dry nitrogen
using the same furnace and conditions of annealing of as fabricated TiO2 nanotube
arrays in air. Figure 4.2 shows the tube furnace used for annealing.
4.9 Electrochemical measurements
To evaluate the effect of heat treatments and elements doping on the conductiv-
ity of the TiO2 nanotubes layers, electrochemical impedance spectroscopy (EIS)
was performed on TiO2 nanotube arrays before and after the heat treatments. For
doped nanotube arrays, electrochemical impedence was measured after annealing
in an atmosphere of nitrogen. EIS measurements were performed using a potentio-
stat (VSP Biologic science instruments). The platinum standard electrode and the
saturated Ag/AgCl electrode (SigmaAldrich) were used as a counter electrode and
reference electrode, respectively. Potassium buffered saline solution (PBS, pH 7.4,
Sigma Aldrich) was used as the electrochemical cell electrolyte. Biologic EC-lab
software was used for data acquisition and analysis. Bode plots of log impedance
/Z/ vs log frequency were used to compare the electrochemical properties. EIS
values for all samples were measured at a frequency of 1KHz. To calculate the
charge storage capacitance, cyclic voltammetrys of the annealed samples in the at-
mosphere of nitrogen were conducted at a scanning rate of 100 mV/s in potassium
buffered saline solution. The potential range of -0.1 V to 0.6 V versus saturated
Ag/AgCl electrode was employed in the cyclic voltammetry test. In all electro
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Figure 4.2: SCE Horizontal tube Furnace
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chemical measurements, the exposed area to the electrolyte was constant (4.9
mm2). The electrochemical measurements were performed on nanotube layers on
Ti substrates. The exposed area was with a circular shape with a diameter of 2.5
mm. Both of electrochemical impedance and cyclic voltammatery measurements
were repeated five times for each sample.
4.10 Contact angle analysis
Wettability in terms of water contact angle was investigated for the fabricated sam-
ples. The sessile drop method was applied using the measurement system (KSV
instruments CAM 200). The volume of pure water droplet was 3 ml. All measure-
ments were carried out in ambient atmosphere at a temperature of 20 ◦C. Detecting
system (Theta) was employed for measurement of the contact angle from the image
of the water drop. The image was captured after 10 seconds of water drop placing
on the sample surface. The measurements were repeated five times for each sample.
4.11 VERO cell growing on nanotube arrays.
Each annealed titanium nanotube sample ( in an atmosphere of nitrogen) is in-
dividualized in a 2mL glass tube and autoclaved for 45 minutes at 121 degrees
Celsius, for sterilization. Under a biosafety cabinet (class II), each sample is placed
in a labelled well from a 24 well plate. Samples are let drying under airflow before
coating. The coating process consist of 200 µL of PEI (polyethyleneimine) for 30
minutes followed by three rinses with TC water. Then 50 µL of laminin is spread
over the sample surface for 30 minutes in a 37 degrees Celsius, 5% CO2 incuba-
tor. Before cells plating, the leftover of laminin is removed, 1 ml of media solution
containing VERO cells (ATCC CCL81 African green Monkey Kidney) was directly
added to the surface of each sample. Whereas, for control, VERO cells were seeded
without any sample.
4.12 Mouse embryo and dissection process
Mouse, Mus musculus, cortical embryo primary neurons were prepared by the
tissue culture laboratory at the Australian Animal Health Laboratory (AAHL-
CSIRO) under the permit AEC number 1686. Whole brains are extracted from
C57BL/B6 mouse embryos at embryonic day 15 (E15). In aseptically conditions to
avoid contamination, cortical neurons from embryos are removed from the brains
by gently removing the meninges in cold dissection medium Hibernate (Gibco). Iso-
lated cortex hemispheres are then treated with 5 mg/ml Trypsin and 0.75 mg/ml
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DNAseI in medium for 5-10 min at 37 degrees Celsius to perform enzymatic dissoci-
ation. After three washes with the dissection medium, mechanical dissociation was
performed by 10 passages through a 10 mL glass pipette. The cell suspension was
then centrifuged at 100 g for 5 min, and pellet was re-suspended in supplemented
Neurobasal Medium (Thermo Fisher) culture medium. Cells are finally counted
3 times with an automatic cell counter (Countess II Automated Cell Counter,
ThermoFisher) and averaged to a finale cell concentration. A new stock solution
is made at 1.105 cells/mL for plating.
4.13 Neurons seeding on the nanotube arrays
Following the same protocol for the VERO cell culture, neurons were seeded. Sam-
ples were sterilized, dried, coated with PEI and rinsed with TC water. Then,
laminin was spread over the sample surface. After removing of the leftover of
laminin, a volume 100 µL of dissociated neurons from the stock solution of 1.105
cells/mL is gently added on the samples, without any solution going over the
edges. The plate is placed in a 37 degrees Celsius, 5% CO2 incubator for 1 hour
to let the cells to adhere to the samples. Each well is then completed with 1 mL
of culture media. An indirect cell count of the neurons growing on the nanotube
samples is made at 3 days of culture.
4.14 Cell counting
Due to the lack of transparency of the titanium nanotube samples to observe
the cells under microscope, an indirect cells count is made. For that, samples are
carefully removed from the well with forceps and rinsed with PBSA. A volume
of 100 µL of Trypsine/EDTA diluted at 1:10 in PBSA is added on the samples
in a new 24-well plate. The samples are let to rest in an incubator for 5 minutes
for enzyme activation. To stop the enzyme, 500 µl of DMEM media was mixed
with the VERO cells and 100 µL of Neurobasal media is added to the neurons and
volumes in wells are vigorously mixed to detach the cells from the samples. For
cell counting a volume of 30 µL of the cell solution is taken and counted under
microscope with a Hemocytometer for each sample. Using a hand tally counter,
cells are counted and the total number of neurons on the samples is estimated by
the formula:
Numberofcells per ml =
numberofcounted cells× dilutionfactor × 10000
number of squares counted on thehemocytometer
.
(4.1)
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4.15 Preparation of samples with cultured for
SEM imaging.
Scanning electron microscopy was used to observe the morphology of the cells
cultured on the TiO2 nanotube arrays. After the cell culture, cells were fixed
in 4% paraformaldehyde for 10 min. Followed by 3 times washing using PBS,
cells were then dehydrated by increasing concentrations of ethanol in water (25%,
50%, 70%, 90%, 100% and again 100% for 5 minutes each). The dried cells on
the nanotube arrays were gold coated (5 nm thickness) and placed in a vacuum
chamber overnight and images were captured using Zeiss Supra 55VP to evaluate
the cell coverage on each sample.
4.16 Characterization of fabricated TiO2 nanotubes
and cultured cells
Information on the morphology of annealed TiO2 nanotubes was gained using
scanning electron microscopy (SEM). Scanning electron microscopy (Zeiss Supra
55VP) has been been used extensively in this study to characterise the morphol-
ogy of TiO2 nanotubes. Particularly, SEM provides reliable top and cross sectional
images allow to calculate the avarage values of diameter, length and wall thickness
of the tubes using image J software. In addition, SEM was used to investigate the
morphology of cultured cells on the nanotubes. Cell densities on nanotube films and
cells attachment to the nanotubes were presented by SEM images. To determine
the phase and crystal structure of TiO2 nanotubes, X-ray diffraction (XRD, Pan-
alytical X-Pert Pro MRD XL, CuKα radiation, λ=1.5418 A˚) was used. The mea-
surements were performed within the range of 2θ from 20◦ to 60◦. To analyze the
chemical composition of the nanotube films on the samples, X-ray photoelectron
spectroscopy (XPS) analysis was performed in the Kratos AXIS Nova instrument,
which utilises a monochromatic Al K α Xr-ay source (1486.69 eV). The source
was operated at 150 W power (15 kV, 10 mA). Survey spectra were collected at
160 eV pass energy to identify all elements present. High resolution spectra were
collected at 20 eV pass energy to identify oxidation state. The analysis area was
approximately 300 µm x 700 mum.
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Chapter 5
TiO2 Nanotube Arrays:
Fabrication And Evaluation Of
Electrochemical Properties
The first part of this chapter has been dedicated to fabrication TiO2 nanotube
arrays in organic-based electrolyte containing fluoride ions. It has been reported
that homogeneous nanotubes could be fabricated in organic electrolyte because of
the relatively low rate of chemical dissolution and fluoride ions transmission [152,
195]. In particular, fabrication of homogeneous nanotube arrays with different tube
morphologies was the target. The influence of anodizing voltage on the nanotube
morphology is widely reported in the previous studies. However, there is a sig-
nificant lack of information regarding the impact of tube morphology on their
electrochemical properties.
The first step in this research was fabrication of nanotube arrays with six different
morphologies by controlling the anodizing voltage. The electrochemical impedance
and charge storage capacitance have been pointed out as the most important elec-
trochemical properties that determine the suitability of materials for the applica-
tion of neural interfaces. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry tests were performed on the fabricated nanotube arrays. Among the
six anodizing voltages, it has been useful to identify the anodizing voltage of 40
V as the voltage at which nanotubes have the most suitable morphology for best
electrochemical properties ( Low electrochemical impedance and high storage ca-
pacitance).
In the second part of this chapter, as an attempt to improve the electrochemical
properties, the fabricated nanotube arrays were subjected to annealing in air. The
effect of annealing on the nanotube morphology was studied extensively. Crystal
structure state and phase transformation resulting in annealing and their effect
on the electrochemical properties of the annealed arrays were another aspects dis-
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cussed in this chapter. Annealing in a reductive atmosphere was pointed out as
an active method to reduce the impedance of TiO2 nanotube arrays [80]. For this
purpose, fabricated nanotubes were subjected to annealing in an atmosphere of ni-
trogen. By measuring the impedance and charge storage capacitance, it was found
that annealing in the atmosphere of nitrogen has enhanced the electrical proper-
ties of the nanotube arrays. Comparing to as fabricated nanotube arrays, annealing
in the atmosphere of nitrogen showed greater impact on improving the electrical
connectivity of the nanotube arrays than the annealing in air. It has also been
reported that doping with electrically active elements may reduce the electrical
impedance of TiO2 nanotube arrays [123]. It was mentioned that doping with car-
bon and copper improves electron transport while doping with strontium enhances
biocompatibility and corrosion resistance of TiO2 nanotube arrays. To exam the
effect of doping on the nanotube morphology and their electrochemical properties,
the third part of this research includes the anodization of titanium samples at 40 V
by adding different dopant compounds to the cells electrolyte. The resultant doped
nanotube arrays were annealed in the atmosphere of nitrogen. The effect of pres-
ence of dopant in the cell electrolyte on the nanotube morphology was investigated
and the chemical state of the doped nanotube arrays was discussed. According to
the effect of dopant on the nanotube morphology and nanotube electrochemi-
cal properties, dopant concentration was adjusted. For the dopants which show
an enhancement in the electrochemical properties of the doped nanotube arrays,
dopant concentration was gradually increased and its effect on the tube morphol-
ogy and electrochemical properties of nanotube arrays were studied. While the
experiments were stopped when measurements show an increase in the electro-
chemical impedance as a result of adding the other dopants.
5.1 The effect of applied voltage on the morphol-
ogy of produced TiO2 nanotube and investi-
gation of the crystal structure of fabricated
nanotube arrays
To investigate the influence of the anodizing voltage on the nanotube morphology,
titanium foils were anodized at 10 V, 20 V, 30 V, 40 V, 50 V and 60 V. Figure 5.1
shows the recorded current during the anodization process for nanotubes formed
at different applied voltages. At the first minute of anodization, a rapid decrease
in the current was observed which refers to the competition between the formation
of the titanium oxide layer and the dissolution of this layer to form the pores. As
the recorded current results from the formation and dissolution of the titanium
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Figure 5.1: Current-time curves recorded during anodic growth of TiO2 nanotubes layers in
ethylene glycol containing 0.5 wt % NH4F and 4 vol % of deionized water at anodization voltages
of 10 V, 20 V, 30 V, 40 V, 50 V and 60 V
oxide layer, the rapid decrease in current can be considered as an indication of the
domination of the bulk oxide layer formation [226]. After a period of time, and
depending on the applied voltage, the current reaches a steady state value which
indicates the formation of the nanotubes [226]. The recorded value of the steady
state current refers to the dissolution rate of the oxide layer which is directly
proportional to the tube diameter and tube length which are significantly affected
by the applied voltage.
Figures 5.2, 5.3 and 5.4 show the SEM images of nanotube arrays on titanium
foils anodized for 1 hour at different applied voltages. Uniform nanotubes with a
very good adhesion to titanium substrate were grown in all voltages. The varia-
tion of the average of tube diameter, tube length and tube wall thickness with
the anodization voltage is illustrated in Figure 5.5. The diameter and length were
directly proportional to the anodization voltage up to 50 V. Accordingly, tubes
with a diameter of 16 nm and length of 0.350 µm were produced by applying 10 V
while tubes with diameter of 73 nm and length of 7µm were produced by applying
50 V. By increasing the applied voltage to 60 V, the tube diameter decreased to 65
nm while tube length still increased to 10.68 µm. Tube wall thickness has a pro-
portional relationship with the voltage within the range of applied voltage from 10
V to 40 V. Tubes produced at applied voltage of 10 V have a lower wall thickness
of 7 nm whereas at 40 V the wall thickness is 25 nm. It was observed that tube
wall thickness decreases with increasing the applied voltage to 50 V and 60 V. This
behaviour was previously reported in similar work [25]. To explore the crystal state
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Figure 5.2: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 10 V (b) 20 V.
of TiO2 nanotube structure, fabricated nanotube arrays were subjected to X-ray
analysis.
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Figure 5.3: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 30 V (b) 40 V.
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Figure 5.4: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 50 V (b) 60 V.
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Figure 5.5: (a) Variation of tube diameter with the anodization voltage. (b) Variation of tube
length with the anodization voltage. (c) Variation of tube wall thickness with the anodization
voltage. Error bars show standard deviation for n= 10 nanotubes
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Figure 5.6: X-ray diffraction patterns of TiO2 nanotube arrays fabricated at six different
voltages.
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X-ray diffraction patterns in Figure 5.6 show that there are no peak matches
in any crystalline phases ( anatase, rutile or brookite) of TiO2 confirming the
amorphous structure of the anodized nanotube arrays.
5.2 Electrochemical performance of amorphous
TiO2 nanotube arrays
Electro chemical impedance tests were conducted on the amorphous nanotube ar-
rays. Figure 5.7 shows Bode impedance plots for the amorphous nanotube arrays
anodized at different voltages. It was observed that the EIS has an inverse rela-
tionship with the nanotube wall thickness. According to Sun et al. this relationship
could be related to the path of the charge transfer. For faster electron movement,
nanotube wall thickness needs to be thick enough for the formation of the space
charge layer. Thin walls of the nanotubes impede the movement of the electrons
and increase their recombination [74]. The effect of the wall thickness on the EIS
value explains the decrease of EIS with increase in the anodization voltage from
10 V to 40 V and the increase of EIS for samples anodized at 50 and 60 V as
shown in Figure 5.8. The obtained nanotubes layers for all anodized samples were
characterized by cyclic voltammetry in a three-electrode cell with potential range
of -0.1 V to 0.6 V versus saturated Ag/AgCl. Cyclic voltammetry curves (CV) for
the six samples are shown in Figure 5.9. The CV curves of the six samples recorded
at a scanning rate of 100 mV/s show reversible charge-discharge behaviour. The
CV curves were employed to estimate the capacitance value using the Equation
5.1 [227].
C = S/2mk(U1− U2) (5.1)
Where C is the capacitance, S is the area between charge and discharge curves. The
(S) values were calculated using Biologic EC-lab software and it is a variable, m
is the mass of active material (0.0025 mg) while k is the potential scanning rate
(0.1 V/s), U1 is the initial potential (0.6 V) and U2 is the set potential (-0.1 V).
For instance the calculation of the capacitance for the sample anodized at 40 V:
C= 0.018921 A.V / 2 X 0.0025 mg X 0.1 V/s (0.6-(-0.1)) V = 54.06 F/mg.
In the anodizing voltage range of 10 V- 40 V, the electrochemical measurements
show that nanotubes obtained at applied potential of 10 V with the smallest wall
thickness of 11 nm have the lowest capacitance (14.76 F/gm) while highest capaci-
tance (54.06 F/gm) was observed for the nanotubes with the largest wall thickness
of 28 nm fabricated at 40 V. The relationship between the applied anodization volt-
age and the capacitance of TiO2 nanotube arrays is represented in Figure 5.10. The
proportional relationship between the capacitance and nanotubes wall thickness
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Figure 5.7: Bode impedance plots of TiO2 nanotube arrays fabricated at different anodizing
voltages.
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Figure 5.8: The effect of anodizing voltage on the impedance of TiO2 fabricated at different
anodization voltages. Error bars show standard deviation for n = 5 samples
could be attributed to an increase in the conductivity with an increase in the wall
thickness. This leads to charge transfer being enhanced through charge-discharge
processes and as a result higher capacitance will be obtained [228].
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Figure 5.9: Cyclic voltammetry curves of TiO2 nanotube arrays fabricated at different an-
odization voltage
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Figure 5.10: The effect of anodizing voltage on the charge storage capacitance of TiO2 fabri-
cated at different anodization voltages.
5.3 Effect of annealing in air on the morphology
of TiO2 nanotubes and their crystal struc-
ture.
By subjecting the nanotubes to annealing in air, a clear decrease in the tube
diameter, tube length and tube wall thickness was observed. Figures 5.11, 5.12
and 5.13 illustrate the top view and cross sectional SEM images of the nanotube
arrays anodized at 10 V, 20 V, 30 V, 40 V, 50 V and 60 V. The changes of the
nanotube dimensions were represented in Figures 5.14. The XRD patterns show
that annealing leads to successful transformation of nanotube structure from the
amorphous to the crystalline. Figure 5.15 shows that all annealed samples have
clear peaks matching the anatase phase (A) at 2 θ = 25.31◦, 37.57◦, 47.91◦, 53.75◦
and 55.08◦ while no clear peak for the rutile phase was observed. It is interesting to
observe that the intensity of the anatase peaks mostly increased with an increase
in applied voltage. This may be attributed to an increase in the thickness of the
oxide layer.
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Figure 5.11: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 10 V (b) 20 V and annealed in air.
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Figure 5.12: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 30 V (b) 40 V and annealed in air.
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Figure 5.13: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 50 V (b) 60 V and annealed in air.
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Figure 5.14: (a) Variation of tube diameter after annealing in air. (b) Variation of tube length
after annealing in air. (c) Variation of tube wall thickness after annealing in air.
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Figure 5.15: X-ray diffraction patterns of TiO2 nanotube arrays fabricated at six different
voltages and annealed in air.
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5.4 Electrochemical performance of annealed TiO2
nanotube arrays.
Bode impedance plots for anodized nanotube arrays before and after annealing are
shown in Figure 5.16. The measurements revealed that EIS values decreased after
subjecting the nanotube arrays to annealing. Figure 5.17 highlights a significant
improvement in the electrical conductivity of the annealed nanotube layers. This
could be imputed to the successful transformation of nantube structure from amor-
phous to crystalline. It was reported that anatase has the highest electrical conduc-
tivity among other structures of titanium oxide [78,163,164,229]. Furthermore, the
annealed nanotubes have shorter length and thicker walls than those of as fabri-
cated nanotubes and this tube morphology provides a pathway with less resistance
to the charge movement.
To inspect the effect of annealing on the charge storage capacitance of the an-
nealed nanotube arrays, cyclic voltammetry tests were conducted on the annealed
nanotube arrays. Figure 5.18 shows the charge storage capacitance represented
by cyclic voltammetry curves of amorphous and annealed nanotubes. As it was
mentioned before, charge storage capacitance has a direct relationship with the
EIS and that the enhancement in the EIS caused by annealing is accompanied
by an increase in the capacitance. Figure 5.19 demonstrates the increase in the
capacitance for annealed nanotube arrays.
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Figure 5.16: Bode impedance plots of fabricated nanotube arrays before and after annealing
in air
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Figure 5.17: Voltage-impedance curves show the impedance improvement after annealing in
air
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Figure 5.18: Cyclic voltammetry curves of nanotube arrays before and after annealing in air
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Figure 5.19: Voltage capacitance curves of nanotube arrays show the enhancement of charge
capacitance storage after annealing in air
5.5 Effect of nitrogen doping on the morphology
and crystal structure of TiO2 nanotubes.
As the nitrogen doping was conducted at the same conditions of annealing, the
SEM images show no significant change in the tube morphology. Figure 5.20 shows
the SEM top view and cross sectional images of nanotubes fabricated at two dif-
ferent voltages and doped with nitrogen.
To investigate the effect of nitrogen doping by annealing in the atmosphere of
nitrogen on the crystalline structure of the doped nanotube arrays, the doped
samples were subjected to XRD analysis. Figure 5.21 is the XRD patterns of the
doped nanotube arrays. XRD patterns confirmed the anatase crystal structure of
the doped nanotube arrays. The peaks of anatase phase appeared at the same
positions of the anatase peaks as the annealed nanotube arrays. No significant
disorder in the titanium oxide structure was observed as a result of doping with
nitrogen. Nitrogen atoms have a radius of 0.56 A˚ which is smaller than that of
Ti4+ (0.75 A˚ ) and occupy the space between Ti4+ ions without causing a clear
structure disorder.
To confirm the existence of nitrogen atoms in the structure of the doped nanotube
arrays, XPS analysis was employed. Figure 5.22-a shows the XPS survey of nitro-
gen doped nanotube arrays fabricated at 40V. The main peaks show that nanotube
film on the sample surface contains Ti,O,N and carbon elements.
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Figure 5.20: Top view and cross sectional SEM images of TiO2 nanotubes fabricated in ethylene
glycol containing 0.5 wt % NH4F and 4 vol % of deionized water on Ti foils at anodization
voltages of (a) 10 V (b) 60 V and annealed in an atmosphere of nitrogen.
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Figure 5.21: X-ray diffraction patterns of amorphous, annealed and nitrogen doped nanotube
arrays fabricated at different voltages
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Figure 5.22: (a) XPS survey of nanotube arrays fabricated at 40 V and doped with nitrogen,
(b) Ti2p spectra and (c) N1s spectra of this sample
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The percentage of nitrogen atoms in the nanotube film is 0.3 at% while the
ratio of oxygen to titanium atoms is about 4:1 which is higher than that of the
chemical composition. The additional oxygen atoms could be absorbed by the sur-
face of the nanotube layer. The incorporation of carbon atoms into titanium oxide
layer with atomic percentage of 57% could result in the anodization of titanium
sample in organic electrolyte. As it is shown in Figure 5.22-b, Ti2p with two peaks
appearing at 458.92 eV (Ti2p3/2) and 464.62 eV (Ti2p1/2) confirming that these
signals corresponded to TiO2 [230]. Figure 5.22-c shows that the peak N1s is de-
tected at 400 eV. It has been reported that the appearance of the peak N1s at
the binding energies from 399-401 eV could be ascribed to interstitial N, intersti-
tial N2, interstitial NO2− and adsorbed NO [231]. Probably most relevant to this
study, Morikawa et al. have assigned N1s peak at 400 to adsorbed NO [232].
5.6 Electrochemical performance of nitrogen doped
TiO2 nanotube arrays (NTiO2).
EIS tests were employed to evaluate the effect of nitrogen doping on the elec-
trical conductivity of TiO2 nanotube arrays. The results revealed that nitrogen
doping has a greater effect on the enhancement of the electrical conductivity of
the nanotube arrays than that of annealing in air. Figure 5.23 shows Bode curves
before and after nitrogen doping of nanotube arrays fabricated at the six different
voltages. According to literature, such an improved electrical conductivity could
be attributed to the partial reduction of the tetravalent cations of titanium. An-
nealing of TiO2 in the reductive atmosphere resulted in reduction of part of Ti
4+
to Ti3+ cations. The reduction of Ti4+ caused the formation of oxygen vacancies
in the lattice of TiO2 [222]. These vacancies effectively reduce the resistance to
charge mobility through the structure of TiO2. The consequence of the aforemen-
tioned effect of nitrogen doping is the enhancement of the electrical properties
of the doped nanotube arrays. Figure 5.24 displays the change in the EIS values
after annealing in the atmosphere of nitrogen. Cyclic voltammatry curves of nitro-
gen doped nanotube arrays are shown in Figure 5.25. Further decrease in EIS of
nanotube arrays after nitrogen doping causes more increase in the charge storage
capacitance. The change of the capacitance of the nanotube arrays after nitrogen
doping is displayed in Figure 5.26.
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Figure 5.23: Bode impedance curves of nanotube arrays before doping with nitrogen (amor-
phous structure) and after doping with nitrogen
chapter 5 Dhurgham Khudhair 104
Nanoelectrode based on TiO2 nanotubes for neural interfacing
Figure 5.24: Voltage-impedance curves of amorphous and nitrogen doped nanotube arrays.
The Figure shows the decrease of the impedance after doping with nitrogen for the six fabricated
samples
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Figure 5.25: Cyclic voltammatry curves of nanotube arrays before and after nitrogen doping
chapter 5 Dhurgham Khudhair 106
Nanoelectrode based on TiO2 nanotubes for neural interfacing
Figure 5.26: Voltage capacitance curves of nanotube arrays show the enhancement of charge
capacitance storage after nitrogen doping
5.7 Effect of zinc doping on the morphology and
crystal structure of TiO2 nanotubes .
To study the effect of Zn doping on the morphology of TiO2 nanotube arrays
and their electrochemical and biological properties, Zn doping was performed by
anodization. 0.01 M of zinc nitrate Zn(NO3) was added to the electrolyte of the
electrochemical cell and the anodized samples were annealed in the atmosphere of
nitrogen. Figure 5.27 shows the top view and cross sectional SEM images of Zn
doped nanotube arrays. Zn doped nanotubes have tube diameter, tube length and
tube wall thickness of 67 nm, 1.1 µm and 15.4 nm respectively. The measurements
revealed that the adding of zinc nitrate to the electrolyte leads to a slight increase
in the tube diameters compared to those of the nitrogen doped nanotubes fabri-
cated at the same voltage. A significant decrease in the tube length and tube wall
thickness was observed.
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Figure 5.27: (a) Top view SEM image of Zn doped nanotube arrays and (b) cross sectional
image of Zn doped nanotube arrays
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Figure 5.28: X-ray diffractions patterns of Zn doped nanotube arrays and N doped nanotube
arrays
For crystal structure characterization, XRD analysis was performed on Zn
doped nanotube arrays. Figure 5.28 shows the XRD patterns of Zn doped and
as fabricated TiO2 nanotube arrays annealed in the atmosphere of nitrogen. XRD
patterns indicate that crystal anatase is the dominating phase on the nanotube
structures. The pattern of the Zn doped TiO2 nanotube arrays shows a clear shift
to the side of lower angle in anatase peaks compared to the pattern of the N-doped
TiO2 nanotube arrays. This shift is due to the incorporation of zinc ions with an
ionic radius of 0.88 A˚ for Zn2+ which is larger than that of Ti4+ into the lattice of
the titanium oxide. The anatase peaks of N-doped nanotube arrays appeared at
the positions of 2θ: 25.31◦, 37.57◦, 47.91◦, 53.75◦ and 55.08◦ while for Zn doped
nanotube arrays the anatase peaks were shifted to 24.67◦, 36.97◦, 47.1◦, 53.4◦ and
53.72◦. This effect could be attributed to the structure strain and disorder in the
titanium oxide structure caused by random substitution of Zn ions in the lattice
of the TiO2.
Figure 5.29-a shows the XPS survey of Zn doped nanotube arrays. In addition to
titanium and oxygen atoms, nanotube arrays contain zinc and carbon atoms. Zinc
atoms constitute about 0.2% of total atomic percentage of the nanotube film. The
Zn-doped sample has the same ratio of oxygen to titanium as that of the N-doped
sample. Carbon atoms with a percentage of 57% incorporated in the structure
of nanotube film. It can be seen that the peaks Ti2p3/2 and Ti2p1/2 appeared at
459.1 eV and 465 eV (Figure 5.29-b). These signals corresponded to TiO2 [233]. In
Figure 5.29-c the Zn2p spectra with two peaks obtained corresponding to Zn2p3/2
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Figure 5.29: (a) XPS survey of Zn doped nanotube arrays, (b) Ti2p spectra of Zn doped
nanotube arrays and (c) Zn2p spectra of Zn doped nanotube arrays
and Zn2p1/2 photoemission spectra were determined at the binding energy of 1023
and 1046 eV in the XPS survey of ZnTiO2 [234]. The two peaks were separated
by 23 eV which indicates that Zn ions in the form of ZnO clusters are distributed
on the surface of TiO2 nanotubes [3]. The peak N1s with a bending energy of 401
eV, confirms that this signal corresponds to N-O bonds in NTiO2 [235].
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Figure 5.30: Bode impedance curve of ZnTiO2 compared to NTiO2
5.8 Electrochemical performance of Zinc doped
TiO2 nanotube arrays (ZnTiO2).
To investigate the electrochemical performance of the Zn doped nanotube arrays,
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) tests
were performed on the fabricated nanotube arrays. Figure 5.30 illustrates Bode
impedance curves of the Zn doped and nitrogen doped TiO2 nanotube arrays an-
nealed in an atmosphere of nitrogen. It can be seen that the Zn doped nanotube
arrays have higher impedance (2.7 KΩ) than those of nitrogen doped nanotube
arrays which means that the charge transfer more effectively through NTiO2 nan-
otube arrays.
The increase in the impedance of the nanotube arrays after doping with Zn may
be related to two possible reasons. The first is the decrease in the wall thickness of
ZnTiO2 nanotubes and the second is the presence of zinc oxide clusters which have
high electrical resistance on the tube surfaces which may decrease the electrical
conductivity of doped nanotube arrays [236]. Charge storage capacity of ZnTiO2
was another evaluated electrochemical property. The cyclic voltammetry curve of
ZnTiO2 nanotube arrays compared to cyclic voltammetry curve of NTiO2 nan-
otube arrays is presented in Figure 5.31. It is clear from the area between charge
and discharge curves that charge storage capacitance of ZnTiO2 nanotube arrays
(45.53 F/mg) is lower than that of NTiO2 nanotube arrays.
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Figure 5.31: Cyclic voltammetry curve of ZnTiO2 compared to Cyclic voltammetry curve of
NTiO2 nanotube arrays
This can be explained by the higher impedance of ZnTiO2 nanotube arrays
which impedes the charge transformation through the charge-discharge process.
5.9 Effect of carbon doping on the morphology
and crystal structure of TiO2 nanotubes .
Figure 5.32 shows the carbon doped TiO2 nanotube arrays fabricated in elec-
trolyte containing a solution of 1wt% polyvinolalcohol (CTiO2(1wt%)). The mea-
surements showed that CTiO2(1wt%) nanotubes have 58.8 nm of tube diameter,
1 µm of tube length and 22.6 nm of tube wall thickness. It is clear that adding
a solution of 1w% polyvinolalcohol to the cell elyctrolyte results in a decrease in
diameter, length and wall thickness of the resultant nanotubes. By increasing the
concentration of polyvinolalcohol solution to 1.5wt% in the electrolyte, it was ob-
served that the tube diameter and tube length decreased to 53 nm and 0.8 nm
respectively while tube wall thickness increased to 23.4 nm.
Figure 5.33 is the SEM images of carbon doped nanotube arrays fabricated by
adding 1.5wt% of polyvinolalcohol solution (CTiO2(1.5wt%)). The increase in the
concentration of polyvinolalcohol in the electrolyte to 2wt% leads to block the
tube bores. The blocked pores are illustrated in Figure 5.34.
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Figure 5.32: SEM images of (a) top view of CTiO2(1wt%) and (b) cross sectional image of
CTiO2(1wt%)
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Figure 5.33: SEM images of (a) top view of CTiO2(1.5wt%) and (b) cross sectional image of
CTiO2(1.5wt%)
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Figure 5.34: Top view SEM image of CTiO2(2wt%)
To investigate the structural state, carbon doped nanotube arrays were sub-
jected to the X-ray diffraction analysis. Figure 5.35 shows the XRD patterns
CTiO2(1wt%) and CTiO2(1.5wt%) nanotube arrays. XRD patterns detect the
anatase crystaline structure of carbon doped nanotube arrays. The main peaks of
CTiO2(1wt%) match the anatase phase at 2θ of 24.89
◦, 37.05◦, 47.72◦,52.83◦ and
53.94◦. A clear shift to the to the side of lower angle was observed in the anatase
peak positions. This shift could be attributed the incorporation of carbon atoms
which have an atomic radius (0.76 A˚) in the lattice of titanium oxide causing a
slight disorder in its structure. More shift appeared in anatase peaks was observed
by increasing the the concentration of polyvinolalcohol solution to 1.5wt%.
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Figure 5.35: X-ray diffraction patterns of CTiO2 and NTiO2
For chemical state inspection and to confirm the success of carbon doping, car-
bon doped nanotube arrays were analysed using X-ray photoelectron spectroscopy
( XPS ). Figure 5.36 illustrates the XPS survey of CTiO2(1wt%). It can be seen
that the oxide film consists of Ti,O,N and carbon. Like in NTiO2 and ZnTiO2,
the ratio of oxygen to titanium atoms is higher than that of the chemical com-
position with a ratio of 4.2 %. A high percentage of carbon (82.8%) atoms was
noticed to be incorporated in the oxide film which can be related to the increase
in the carbon in the cells electrolyte. The peaks Ti2p3/2 and Ti2p1/2 are observed
at 459.1 and 464.8 eV indicating the presence of TiO2. The XPS survey of CTiO2
includes the peak C1s at 284.6 eV which could be attributed to the presence of
carbon in the form of C-Ti, where C atoms substituted O atoms in the lattice of
TiO2 [230]. The peak N1 appeared around 400 eV as a result of annealing in the
atmosphere of nitrogen indicating the incorporation of nitrogen in TiO2 [237].
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Figure 5.36: (a) XPS survey of CTiO2(1wt%), (b) Ti2p spectra of CTiO2(1wt%) and (c) C1s
spectra of CTiO2(1wt%)
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Figure 5.37: Bode impedance curves of CTiO2 arrays compared to Bode impedance curve of
NTiO2 arrays
5.10 Electrochemical performance of carbon doped
TiO2 nanotube arrays (CTiO2).
To evaluate the electrochemical performance of carbon doped nanotube arrays,
electrochemical impedance was measured. Figure 5.37 shows Bode impedance of
carbon nanotube arrays. The measurements showed that EIS reduced from 0.501
KΩ for N-doped nanotube arrays to 0.345 KΩ for CTiO2(1wt%). This decrease
in EIS can be explained by the decrease in tube length from 2.25 µm for nitrogen
doped nanotubes to 0.87 µm for the carbon doped nanotubes bearing in mind that
there is no significant change in the tube wall thickness. Furthermore, the incorpo-
ration of the carbon atoms in the lattice of carbon doped nanotubes provide more
sites with less resistance to the charge movement. As there is no great change in
the tube morphology resulting in the increase the concentration of polyvinolalcohl
solution from 1wt% to 1.5wt% in the cell electrolyte, a slight decrease in EIS value
to 0.331 KΩ was achieved. This small variation in EIS could be caused by the
slight reduction in the tube length as well as the increase in the carbon density in
the structure of titanium oxide.
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Figure 5.38: Cyclic voltammetry curves of CTiO2 arrays compared to Cyclic voltammetry
curve of NTiO2 arrays
As previously mentioned, the charge storage capacitance is greatly affected
by the impedance of nanotube arrays and an enhancement in the capacitance is
expected as a result of carbon doping. Figure 5.38 demonstrates the cyclic voltam-
metry curves of carbon doped nanotub arrays. CTiO2(1wt%) arrays have a capac-
itance value of (113.8 F/mg) which is greater than that of NTiO2 arrays (94.85
F/gm). An increase in the capacitance to (119.2 F/mg) proportional to the en-
hancement of EIS was achieved by increase polyvinolalcohol to 1.5wt% in the
polyvinolalcohl solution.
5.11 Effect of strontium doping on the morphol-
ogy and crystal structure of TiO2 nanotubes.
For fabrication of strontium doped nanotube arrays, 0.06 M anhydrous strontium
hydroxide (Sr(OH)2) salt was included in the cell electrolyte. The applied volt-
age was set to 40 V for one hour. The anodized samples were annealed in the
atmosphere of nitrogen at 500 ◦C following the same procedure as described in the
methods chapter for nitrogen doping.
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Figure 5.39: (a) Top view SEM image of SrT iO2 and (b) cross sectional image of SrT iO2
Top and cross sectional SEM images in Figure 5.39 were employed to measure
the tube diameter, tube length and tube wall thickness using image J software. The
measurements were 67.4 nm, 1.8 µm and 23.35 nm for tube diameter, tube length
and tube wall thickness respectively.
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Figure 5.40: X-ray diffraction patterns of SrT iO2 and NTiO2
It was observed that larger diameter, shorter length and thinner wall thickness
nanotubes resulted from including 0.06 M of strontium hydroxide in the cells elec-
trolyte. XRD patterns in Figure 5.40 show anatase as the only crystalline phase
in the structure of strontium doped nanotube arrays (SrT iO2). Due to the incor-
poration of strontium ions Sr+2 into the lattice of titanium oxide , anatase peaks
showed a clear shift compared to anatase peaks of the XRD pattern of NTiO2
and appeared at lower angles. As an instance, the first left peak shifted from
23.31◦ to 24.81◦. This shift could be attributed to the presence of strontium ions
(Sr+2) with an ionic radius of 1.32A˚ in the lattice of TiO2 causing structure strain
and subsequently structure disorder. For further investigation of the composition
of Sr doped nanotubes, XPS analysis was performed on fabricated nanotube ar-
rays. Figure 5.41-a shows the XPS survey of Sr doped nanotube arrays. Figure
5.41-b displays Ti2p spectra with two peaks appeared at 458 eV and 464 eV cor-
responding to the binding energy of TiO2 [238]. As it is shown in Figure 5.41-c,
the peak Sr3d appearing at the binding energy of 134 eV indicating that stron-
tium has been successfully doped into TiO2 nanotubes. The Sr3d binding energy
corresponded to the energy level diagram of Sr2+ [239].
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Figure 5.41: (a) XPS survey of SrT iO2, (b) Ti2p spectra of SrT iO2 and (c) Sr3d spectra of
SrT iO2
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Figure 5.42: Bode impedance curves of SrT iO2 and NTiO2
5.12 Electrochemical performance of strontium
nanotube arrays (SrT iO2).
Figure 5.42 illustrates the bode impedance curve for SrT iO2. compared to NTiO2,
SrT iO2 has higher impedance (1.77 KΩ). The reduction in the electrical conduc-
tivity due to the strontium doping could be explained by the combination of two
main effects. The first is the effect of Sr doping on the tube wall thickness. Stron-
tium doped nanotubes have smaller wall thickness than those of nitrogen doped
nanotubes and subsequently, higher resistance to charge movement. The second
is the effect of strontium doping on the microstructure of titanium oxide. Previ-
ous researches showed that Sr2+ can substitute Ti4+ in the lattice of TiO2 and in
addition to Ti4+ sites, the large-size strontium ions occupy oxygen vacancies adja-
cent to the substitutional sites [240]. The number of these oxygen vacancies would
thus decrease significantly. As the oxygen vacancies are good charge carriers, the
reduction in their number would cause a significant increase in the impedance of
nanotube arrays. Cyclic voltammetry was performed on SrT iO2 to evaluate the
charge storage capacitance. The measurements show that SrT iO2 has capacitance
of 40 F/gm which is lower than that of NTiO2. This decrease in the charge storage
capacitance is caused by the increase in the resistance to the charge transformation
through charge-discharge process.
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Figure 5.43: Cyclic voltammetry curves of SrT iO2 and NTiO2
5.13 Effect of copper doping on the morphology
and crystal structure of TiO2 nanotubes.
Characterization of the tube morphology of copper doped nanotubes revealed that
both of the tube diameter and tube length decreased while tube wall thickness
increased after adding copper nitrate to the cells electrolyte. Figure 5.44 shows the
SEM images of copper doped nanotube arrays fabricated in electrolyte containing
0.01 M copper nitrate(CuTiO2(0.01 M)). The measurements of tube diameter,
tube length and tube wall thickness were found to be 60 nm, 1.3 µm and 32.2
nm respectively. By increasing the copper nitrate concentration to 0.02 M in the
electrolyte, the average inner tube diameter, tube length and tube wall thickness
changed to approximately 56 nm, 1 µm and 38 nm respectively. The top and cross
sectional SEM images of the nanotube arrays fabricated in electrolyte containing
0.02 M copper nitrate (CuTiO2(0.02 M)) are shown in Figure 5.45.
Increasing the concentration of the dopant to 0.03 M leads to the blockage of the
nanotube pores (Figure 5.46). As the opened pores of the nanotubes are the key
aspect of their biological application, Cu-doped nanotubes with 0.03 M of dopant
concentration were excluded in this study.
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Figure 5.44: (a) Top view SEM image of CuTiO2(0.01M) and (b) cross sectional image of
CuTiO2(0.01M)
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Figure 5.45: (a) Top view SEM image of CuTiO2 (0.02M) and (b) cross sectional image of
CuTiO2(0.02M)
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Figure 5.46: Top view SEM image of CuTiO2(0.03M)
Figure 5.47 shows the XRD patterns of the copper doped nanotube arrays
and nitrogen doped nanotube arrays. The three patterns confirm the crystalline
structure with the anatase phase of the nanotube arrays annealed at 500 ◦C in
an atmosphere of nitrogen. The patterns of Cu-doped TiO2 nanotube arrays show
clear shifts in anatase peaks in both of the doped samples compared to the NTiO2
pattern. This shift is due to the incorporation of the Cu2+ with an ionic radius of
0.87 A˚, which is larger than that of Ti4+ (0.75 A˚), into the lattice of the titanium
oxide. By increasing the concentration of the dopant in the electrolyte, more Cu2+
incorporated into the oxide lattice and consequently, more shifting to the side
of lower angle occurs in the corresponding peaks. Furthermore, the increase in
peak intensity of the Cu-doped TiO2 nanotube arrays compared to that of NTiO2
nanotube arrays may indicate a slight decrease in the crystallinity. This effect could
be attributed to the structure strain and disorder in the titanium oxide structure
caused by random substitution of Cu2+ ions in the lattice of the TiO2 [241].
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Figure 5.47: X-ray diffraction patterns of CuTiO2(0.01M), CuTiO2(0.02M) and NTiO2
To confirm the success of the copper doping and to investigate the chemi-
cal state of elements incorporated in the nanotube structures, XPS analysis was
performed on (CuTiO2 (0.01 M)). Figure 5.48-a illustrates the XPS surveys of Cu-
doped TiO2 nanotube arrays. The peaks Ti2p3/2 and Ti2p1/2 (Figure 5.48-b) are
observed at 458 and 464 eV indicating the presence of TiO2. Figure 5.48-c shows
the Cu2p spectra at 932.9 eV, which can be related to the existence of Cu2+ in
the Cu2O [242]. By combining the results of the two patterns (XRD and XPS), it
can be concluded that copper doped nanotube arrays, with a single anatase phase
were synthesized by anodizing titanium foils in the electrolyte containing copper
nitrate and annealing in the atmosphere of nitrogen.
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Figure 5.48: (a) XPS survey of CuTiO2(0.01M), (b)Ti2p spectra of CuTiO2(0.01M) and (c)
Cu2p3/2 spectra of CuTiO2
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Figure 5.49: Bode impedance curves of CuTiO2(0.01M), CuTiO2(0.02M) and NTiO2
5.14 Electrochemical performance of copper doped
nanotube arrays (CuTiO2).
The effect of adding copper nitrate to the cells electrolyte on the electrochemical
properties of TiO2 nanotube arrays was inspected by electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) tests. Figure 5.49 illustrates Bode
impedance curves of Cu-doped TiO2 nanotube arrays. It can be seen that EIS of
the TiO2 nanotube arrays is significantly decreased after Cu-doping. EIS value
decreased from 0.501 KΩ forNTiO2 to 0.331 KΩ and 0.295 KΩ for CuTiO2(0.01M)
and CuTiO2 (0.02M) respectively. The decrease in EIS value could be attributed
to morphological and structural reasons.
First reason is the tube morphology results in the presence of copper nitrate in
the anodizing electrolyte. Cu-doped nanotubes have shorter lengths and thicker
walls than those of N-doped nanotubes. As the EIS has an inverse relationship
with tube length and a proportional relationship with wall thickness, tubes with
shorter length and thicker wall are expected to have higher electrical conductivity
[222,243]. The second reason is the random substitution of Cu2+ ions in the lattice
of TiO2. As Cu
2+ is a high conductive ion, the presence of such ions in the tube
walls provides a path with less impedance for the charge transformation compared
to the tube walls of copper free TiO2 nanotube arrays.
The cyclic voltammetry curves of NTiO2 and CuTiO2 samples are illustrated
in Figure 5.50. It is clear that the CV curve of CuTiO2 (0.02 M) has a larger
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Figure 5.50: Cyclic voltammetry curves of CuTiO2(0.01M), CuTiO2(0.02M) and NTiO2
area between charge and discharge curves which indicates that it has the highest
capacitance (130 F/gm) compared to NTiO2 (94.85 F/gm) and CuTiO2 (0.01 M)
(125 F/gm). The improvement in the capacitance of TiO2 nanotube arrays after
Cu-doping could be related to the enhancement of charge transformation through
the charge-discharge process results from the decrease in EIS.
5.15 Summary of the morphologies and the prop-
erties of fabricated nanotube arrays).
For easer comparison, dimensions and properties of fabricated nanotubes were
listed in Table 5.1.
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Table 5.1: Summary of tube dimensions and properties of fabricated nanotubes
nanotubes Applied
voltage (V)
Tubes
diame-
ter (nm)
Tubes
length
(nm)
Tube wall
thickness
(µm)
Impedance
(KΩ)
capacitance
(F/gm)
contact
angle
(degree)
Amorphous 10 20 0.375 11 3.82 13.14
Annealed in air 10 16 0.35 7 3.24 8.82
Annealed in ni-
trogen
10 2.79 16.02 37
Amorphous 20 40 1.4 14 3.467 21.37
Annealed in air 20 31 1.16 12 2.825 16.02
Annealed in ni-
trogen
20 31 1.16 12 2.089 28.63 49
Amorphous 30 60 1.8 18 3.353 35.55
Annealed in air 30 45 1.6 15 2.754 28.63
Annealed in ni-
trogen
30 45 1.6 15 1.66 54.06 58
Amorphous 40 75 3.1 28 2.63 73.98
Annealed in air 40 61 2.25 25 1.514 54.06
Annealed in ni-
trogen
40 61 2.25 25 0.501 16.28 68.8
Amorphous 50 78 8.6 23 3.548 20.28
Annealed in air 50 73 7 20 3.09 16.28
Annealed in ni-
trogen
50 73 7 20 2.238 2.36 76
Amorphous 60 73 12.3 20 3.981 3.75
Annealed in air 60 65 10.68 18 3.388 2.36
Annealed in ni-
trogen
60 65 10.68 18 2.977 72
ZnTiO2 40 67 1.1 15.4 2.7 45.53 98
CTiO2 1 w% 40 58.8 1 22.6 0.345 113.8
CTiO2 1.5 w% 40 53 0.8 23.4 0.331 119.2 61
SrT iO2 40 67.4 1.8 23.35 1.77 40 56
CuTiO2 (0.1
M)
40 60 1.3 0.331 125
CuTiO2 (0.2
M)
40 56 1 38 0.295 130 50
chapter 5 Dhurgham Khudhair 132
Nanoelectrode based on TiO2 nanotubes for neural interfacing
5.16 Conclusion
In this chapter, titania nanotubes were fabricated by means of oxidation. Nan-
otube arrays of different morphologies were fabricated by controlling the anodiz-
ing voltage. The effect of the anodizing voltage on the nanotube morphology was
discussed and the electrochemical performance of fabricated nanotube arrays was
demonstrated.
To improve the electrochemical properties of the nanotube arrays, the six fabri-
cated nanotube arrays were subjected to annealing in air and in an atmosphere of
nitrogen. It was proven that annealing in both environments significantly reduced
the electrochemical impedance and enhanced the charge storage capacitance of
the fabricated nanotube arrays. Among the six samples, the morphology of the
nanotube arrays anodized at 40 V were characterized to poss best electrochemi-
cal properties. Further investigations were conducted on the effect of presence of
dopant compounds, in the cells electrolyte, on the morphology and electrical prop-
erties of the doped nanotube arrays. TiO2 nanotubes were doped with metallic
and non metallic elements of nitrogen, zinc, carbon strontium and copper using
anodization technique. The effect of the presence of the dopant compounds in the
cells electrolyte on the morphology and electrical properties of the doped nanotube
arrays was investigated. X-ray diffraction was used to test the crystallinity of the
nanotube arrays while the chemical state of doped nanotube arrays was investi-
gated using XPS. The combined effect of nanotube morphology, crystallinity and
chemical state on the electrochemical properties of TiO2 nanotube arrays was ex-
plored.
Electrochemical measurements demonstrated that copper doped nanotube arrays
have the lowest impedance and the highest charge storage capacitance making
them good candidate material for the application of neural interfacing.
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Chapter 6
Wettability And Biocopmatibility
Of Fabricated Nanotube Arrays
Wettability is one of the most important physicochemical properties of the surface
for optimization of the proliferation, spreading and adhesion of cells [244]. water
molecule adsorption to the surface of material is the first response when material is
placed in the biological surroundings. Protein adsorption is the second stage. Small
proteins will rapidly transport to the materials surface and be adsorbed. Over
time the larger proteins which have greater affinity towards the surface replace
the small ones [245]. It is well known that wettability of the surface influences
protein adsorption. Biomaterial with hydrophilic surface improves cell growth and
higher biocompatibility [246]. In the third stage, cells attach to the surface of the
substrate. The attachment of cells to the substrate is greatly influenced by the
adsorbed protein layer and the surface topography [247].
The main requirements of the neural interfaces are to communicate with individ-
ual neurons for periods of time may extend from hours to years [248,249]. For this
purpose, the material of neural interface is required to be biologically compati-
ble. The performance of the neural interface is mainly influenced by the quality of
its material which enables a long-term functional neural device. The application of
biocompatible nanomaterial that imitate neural tissue characteristics is not easy
challenge for materials science.
In this chapter the wettability of the fabricated nanotube arrays was investigated
in terms of water contact angle. Wettability and biocompatibiliy tests were carried
out on samples that were annealed in an atmosphere of nitrogen as they showed
more electrical conductivity than those that were not annealed or annealed in
air. For samples that were doped with different concentrations of dopants, those
of higher conductivities were subjected to wettability and biocompatibiliy tests.
The effect of the tube diameters on the hydrophilicity of the nanotube arrays was
discussed. In addition, the impact of doping with different elements on the hy-
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Figure 6.1: The Variation of contact angle with the tube diameter. Error bars show standard
deviation for n = 5 samples
drophilicity of nanotube arrays was evaluated. To assess the biocompatibility of
improved nanotube arrays, VERO cells and neurons were grown on the fabricated
nanotube arrays . VERO cells were cultured on the surfaces of samples anodized
at 10 V, 20 V, 30 V, 40 V, 50 V and 60 V to study the effect of tube mor-
phologies on their biocompatibility. VERO cells were also cultured on the doped
nanotube arrays (NTiO2 (40 V), CuTiO2 (0.02 M), SrT iO2, CTiO2 (1.5wt) and
ZnTiO2). The biocompatibility of the doped nanotube arrays were studied in
terms of cell numbers attached to the sample surfaces. As this research aims to
improve the properties of TiO2 nanotube arrays for the application of neural inter-
facing, neurons were grown on the doped samples (NTiO2 (40 V), CuTiO2 (0.02
M), SrT iO2, CTiO2 (1.5wt) and ZnTiO2) to evaluate the combination effect of
doping on the neurons vitality as well as the electrochemical properties of doped
nanotube arrays.
6.1 Effect of the tube diameter on the hydrophilic-
ity of nitrogen doped TiO2 nanotube arrays.
To investigate the effect of tube diameter on the hydrophilicity of the nanotube
arrays of higher electrochemical properties, water contact angle tests were per-
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Figure 6.2: Images of the water droplet on the surfaces of the samples anodized at six different
voltages
formed on the nanotube arrays fabricated at the six different voltages ( 10 V, 20
V, 30 V, 40 V, 50 V and 60 V) and annealed in an atmosphere of nitrogen. The
variation of the contact angle according to the change of tube diameter is shown
in Figure 6.1.
The results show that nanotubes of smaller diameter are more hydrophilic than
those of larger ones. This could be imputed to the fact that nanotube arrays of
smaller tube diameter are more rough and also more effective surfaces than those
of larger tube diameter [250]. Similar effect of tube diameter on the hydrophilicity
was reported in previous studies [250, 251]. Figure 6.2 demonstrates the water
droplets morphologies on the surfaces of the six anodized samples. It was reported
that high wettability is favourable and indicates a good biocompatibility [251].
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Figure 6.3: Water contact angles of nanotube arrays doped with Zn, Cu, Sr or C
6.2 Hydrophilicity of doped nanotube arrays.
To estimate the hydrophilicity of the doped nanotube arrays, water contact angle
was measured for ZnTiO2, CTiO2, SrT iO2 and CuTiO2. The histogram in Fig-
ure 6.3 represents the contact angle values of the water droplets on the surfaces
of the doped samples. Except ZnTiO2, the surfaces of all doped samples showed
a hydrophilic behaviour.
Copper doped nanotube arrays exhibited the highest hydrophilicity. More oxy-
gen vacancies could be induced in the lattice of TiO2 by doping with Cu ions
[252]. These vacancies are favorable sites for occupation by water molecules.
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Figure 6.4: Images of the water droplets on the surfaces of the doped nanotube arrays
In addition copper doped nanotubes possess a very good anti-fogging property
which enables the rapid spread of water on the surface [252].
Strontium doped nanotube arrays showed lower hydrophilicity than copper doped
arrays. This may be due to the smaller tube diameter of copper doped nanotubes
.
Doping with carbon enhances the hydrophilicity of TiO2 nanotube by reducing the
nanotube diameters. Nanotubes with small diameters resulting in adding polyvi-
nolalcohol to the cells electrolyte is a favorable morphology for better hydrophilic-
ity. On the other hand, previous research showed that carbon doping leads to
coat the tube mouths with carbon and consequently reduces the hydrophilicity of
TiO2 nanotubes [253]. In this study, hydrophilic nanotube arrays resultant from
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using polyvinolalcohol as a dopant in the cells electrolyte with a contact angle
of 61◦ which is less than that of nanotube arrays fabricated at the same volt-
age in electrolyte free from the aforementioned dopant. With the relatively large
tube diameter, Zinc doped nanotubes showed the most hydrophobic behaviour
with the largest contact angle. As it was shown, Zn may exist as ZnO form in
the structure of ZnTiO2. Previous studies pointed out that ZnO shows superhy-
drophobicity which may cause a significant reduction in the wettability of TiO2
nanotube arrays [254]. Figure 6.4 shows the images of the water droplets on the
doped nanotube arrays.
6.3 Nanotube morphology and biocompatibility.
To investigate the effect of the morphology of fabricated TiO2 nanotube arrays
on their biocompatibility, VERO cells were cultured on nanotubes fabricated at
six different voltages: 10 V, 20 V, 30 V, 40 V, 50 V and 60 V and annealed
in an atmosphere of nitrogen at density of 14000 cells per well. Image J soft-
ware was used to estimate the concentration of nanotubes on the fabricated sam-
ples. The measurements showed that samples fabricated at 10 V, 20 V, 30 V,
40 V, 50 V and 60 V have tube concentrations of 104033 nanotube/mm2, 3020
nanotube/mm2, 2466 nanotube/mm2, 1306 nanotube/mm2, 835 nanotube/mm2
and 1290 nanotube/mm2 respectively. Employment of VERO cells to characterize
the biocompatibility of materials is well established practice in material science
[308,307]. This is due to the fact that VERO cells are considered to be one of the
most suitable cells for cytotoxicity studies and for the analysis of cell-substrate in-
teractions in biomaterial research [308, 307]. VERO cells have also been reported
to be used for the evaluation of the biocompatibility of nano scale material inter-
faces to promote the regeneration of electro-active tissue and passive ion transport
membrane [309]. The effect of TiO2 nanotube morphology on cell vitality is as-
sessed by counting the cells attached to the sample surfaces after 2 days of cell
culturing. Comparing to control, the mean values of cell count decrease by 4%,
10%, 22%, 23%, 34% and 27% with samples anodized at 10 V, 20 V, 30 V, 40 V,
50 V and 60 V, respectively. As it is shown in Figure 6.5, cell count on the six
sample surfaces are close to that of the control indicating the fabricated nanotube
arrays do not have a toxic effect on the cultured cells. It was observed that cell
count decreases on the fabricated nanotube arrays with increase in the anodiza-
tion voltage, up to 50 V. By increasing the anodization voltage to 60 V, cell count
increases again. The highest cell count is obtained with the sample anodized at
10 V. The cell count pattern can be characterised by the effect of the nanotubes
morphology on the cell vitality.
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Figure 6.5: Cells number on nanotube arrays fabricated at different applied voltages. Error
bars show standard deviation for n = 3 samples
Figure 6.6 illustrates the connection and attachment of the cells to the TiO2
nanotube arrays. Image J software was used to count the area ratio covered by
cells. The measurements showed that cells covered about 64.88%, 45.63%, 41.23%,
33.7%, 16.82% and 30.71% of the sample surfaces anodized at 10 V, 20 V, 30 V, 40
V, 50 V and 60 V, respectively. Figures 6.7-a, 6.7-b and 6.7-c highlight the effect
of tube diameter, length and wall thickness on the cell number, respectively. It was
found that the diameter has a significant effect on cell number. Nanotube arrays
with smallest diameter of 16 nm facilitated the highest cell number (Figure 6.7-
a). According to the reported research, increase in tube diameter leads to increase
in empty pore spacing and loss of the rounded cell shape. Cells are forced to
elongate their bodies to find the base on which protein can be deposited. This
leads to a physical force exerted on the cell body consequently affecting the cell
viability [255]. Similarly, cell number as a function of tube length is presented
6.7-b. The influence of nanotube length seems to be similar to diameter as the
cell number decreases with the increase in length. As the cells are based at the
top of a tubular structure with established contact at the upper end of the tubes,
characterization of the tube length with respect to cell number is difficult and
requires further studies [7]. Finally, the effect of nanotube wall thickness with
respect to cell number is characterised, as shown in Figure 6.7-c. As can be seen
the nanotube wall thickness has an inverse relationship with the cell number up
to 20 nm of wall thickness. Yu Wang at.El. [256]reported that sharp and vertical
walls promote the expansion and spreading of filopodia.
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Figure 6.6: SEM images of cell morphology and cell densities on fabricated nanotube arrays
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Figure 6.7: The effect of nanotube morphology on the cell density in terms of (a) Tube diameter
(b) Tube length (c) Tube wall thickness. Error bars show standard deviation for n = 3 samples
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6.4 Biocompatibility of doped nanotube arrays
and their toxic effect on neurons.
For evaluation of the biocompatibility of doped nanotube arrays, VERO cells were
cultured on the surfaces of the doped samples. For samples doped with different
concentrations of dopants, VERO cells were grown on the surfaces of the samples
which have lower electrochemical impedance at density of 100000 cells/sample. The
variation of cell numbers after being cultivated for 3 days on the surfaces of the
doped samples has been observed. Graph in Figure 6.8 demonstrates cell numbers
on the doped nanotube arrays. All doped nanotube arrays showed non-toxic effect
on the cultured cells. The highest cell population was observed on CuTiO2(0.02M)
nanotubes. The enhancement of the biocompatibility after Cu-doping could be at-
tributed to the decrease in the tube diameter. Nanotubes with a smaller diameter
are more biocompatible than those of larger ones [255]. In addition, the presence of
Cu ions in the lattice of TiO2 nanotubes improves the biocompatibility of the nan-
otube arrays. Wers and co-workers observed the same effect of copper doping on
the biocompatibility of TiO2 nanotube arrays [257]. Although, CTiO2 nanotubes
have a smaller diameter than that of CuTiO2, fewer cell number was observed on
CTiO2 nanotubes. The hydrophilicity could be the cause as CuTiO2 shows higher
wettability than CTiO2. As it was mentioned, high wettability is favourable for
better biocompatiblity, therefore the reduction in the wettability will be accompa-
nied by a decline in the biocopmatibility.
Cell counting showed that the number of VERO cells on the surface of Sr-doped
sample was less than that on the surfaces of aforementioned doped nanotube arrays
because of the relatively large diameter of Sr-doped arrays.SrT iO2 and ZnTiO2
have the almost same tube diameter, but SrT iO2 show more biocompatible be-
haviour indicating that the presence of strontium in the nanotubes structure show
more support for cell growth than that of zinc.
As this study aims to improve TiO2 nanotube arrays for the application of neural
interfacing, neurons were cultured on NTiO2, ZnTiO2, CTiO2(1.5wt%), SrT iO2
and CuTiO2(0.02M) to evaluate the toxic effect of doped nanotubes on the cul-
tured neurons. Neurons with the same initial number of VERO cells were cultured
for the same time (3days). The counted numbers of VERO cells on the surfaces
of doped samples were higher than those of neurons because of limited generation
ability of neurons. Doped nanotube arrays showed the same effect on the neu-
rons as that on VERO cells (Figure 6.8). Previous study pointed out that neurons
show better growth on more conductive TiO2 nanotubes. The results of this re-
search are inline with this fact. The largest number of neurons were counted on
CuTiO2(0.02M) nanotubes which have the highest electrical conductivity among
the doped nanotube arrays. On the other hand, ZnTiO2 nanotubes which have
chapter 6 Dhurgham Khudhair 143
Nanoelectrode based on TiO2 nanotubes for neural interfacing
Figure 6.8: Doping effect on the cell vitality in terms of cells number. Error bars show standard
deviation for n = 3 samples
the lowest electrical conductivity showed less biocompatibility than other doped
nanotubes. To support these gains, neurons on the doped samples were watched
under scanning electron microscopy. Figure 6.9 is the top view of neurons on the
surfaces of the doped samples. Image J software was used to estimate the surface
areas of the samples which were covered by neurons. The measurements showed
that neurons cover about 46%, 43%, 35%, 30% and 22% of the sample surfaces of
CuTiO2, , CTiO2, NTiO2, SrT iO2 and ZnTiO2 respectively.
6.5 Conclusion
Wettability of TiO2 nanotube arrays fabricated at six different voltages were
assessed by measuring of the contact angles of water droplets on the surfaces
of anodized samples. The measured contact angles indicate that all synthesised
nanotube arrays are hydrophilic. The effect of tube diameter on the hydrophilic-
ity of nanotube arrays was discussed.The measured angles of the water droplets
showed that nanotubes of smaller diameter are more hydrophilic than those of
larger ones. The influence of doping with N, Zn, C, St and Cu on the wettability
of doped nanotube arrays was estimated. Doping with different elements has a
different effect on the hydrophilicity of the doped nanotube arrays. Among the
doped nanotube arrays, Cu-doped nanotube arrays showed the most hydrophilic
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Figure 6.9: Top view of neurons on the surfaces of the doped samples (a) CuTiO2, (b)
CTiO2,(c) NTiO2, (d) SrT iO2 and (e) ZnTiO2. Error bars show standard deviation for n
= 3 samples
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behaviour with the lowest contact angle. While the largest angle was measured
on the Zn-doped nanotube arrays. VERO cells were cultured on the nanotube ar-
rays fabricated at six different voltages to study the effect of tube morphologies
on their biocompatibility. Cell count on the six sample surfaces indicate that the
fabricated nanotube arrays do not have a toxic effect on the cultured cells. It was
found that the diameter has a significant effect on cell number. Nanotube arrays
with smallest diameter of 16 nm facilitated the highest cell number. The increase
in the tube diameter was found to be accompanied with a decrease in the cell
number. Wall thickness has an inverse relationship with the cell number, tubes
with thinner walls are more biocompatible than those of thicker walls. No clear
effect of the tube length on the biocompatibility of the nanotube arrays was de-
fined. Characterization of the tube length with respect to cell number is difficult
and requires further studies. To explore the effect of doping with different elements
on the biocompatibility of TiO2 nanotube arrays, VERO cells were also cultured
on doped nanotube arrays. It was found that adding of various dopants to the
cell electrolyte effectively impact the biocompatibility of the resultant nanotube
arrays. Among the five doped nanotube arrays, Cu-doped nanotubes were pointed
out as the most biocompatible doped nanotubes. Neurons were grown on the doped
nanotube arrays to exam the influence of dopants on the vitality and cell adhesion
of neurons. After 3 days of culturing the measurements revealed that the largest
counted number of neurons was on the Cu-doped nanotube arrays. Furthermore,
SEM images displayed that neurons have the best attachment on the surface of
Cu-doped sample.
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Chapter 7
Conclusions and future works
7.1 Conclusions
The technology of microelectrode arrays has improved into a widely used and ef-
ficient approach to investigate cultured neural networks. The outcome of neural
recording is significantly affected by the geometry and biological environment of
neuron-electrode interface. Electrode materials and their electrochemical proper-
ties were pointed out as crucial factors influencing the performance of the neural
interfaces.
Nanotube structures have gained tremendous attention in the medical domain due
to their inherent structural and mechanical properties. In many medical applica-
tions including neuroscience, such nanostructures are employed as microelectrodes
to detect and analyse individual cell activity. Among such structures TiO2 nan-
otubes have received paramount attention due to their unique properties, such as
high corrosion resistance, being non-magnetic, their low specific gravity and high
strength as well as inherent biocompatibility allowing great cell proliferation, ad-
hesion and mineralization. In its pure form, TiO2 is not conductive enough making
it unsuitable for such applications. However, the conductivity of TiO2 nanotube
structures could be improved by performing annealing and doping.
Anodic TiO2 nanotube arrays were grown under different processing conditions to
investigate their use as potential micro/nano electrodes for neural interfacing. An-
nealing and doping with N, Zn, C, Sr or Cu have been performed to improve the
morphology, structural and electrical properties of the nanotube arrays. It was
found that tube morphology greatly influences the electrical conductivity and bio-
compatibility of the structure. Similarly, it is observed that annealing and doping
with N,C and Cu improve the electrical conductivity as well as the biocompatibil-
ity of the nanotube arrays. Among the produced nanotubes, Cu-doped nanotubes
fabricated at 40 V show the highest electrical conductivity and good biocompati-
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bility make them good candidates to be used as Micro/Nano Electrode for neural
interfacing.
7.2 Future works
The ease of fabrication, biologically relevant architecture and favorable cellular
interaction identify TiO2 nanotubes as promising interfaces for brain machienes.
In this work we achieved significant improvement in electrochemical and biological
performance of TiO2 nanotubes make them good candidates for the fabrication
of neural interfaces. Due to various resource limitations and limited time of the
research, no actual signals were recorded from neurons. In future, we plan to
investigate the performance of the proposed electrode by fabrication the electrode
and recording the neural activity from different neurons.
As TiO2 nanotubes have used in orthopaedic and dental implants, further research
will target the effect of tube conductivity on cell activites and how conductive
nanotubes can help in healing of damaged tissues.
As previous research showed that the nanotubes result from the anodization of
titanium alloys consisting of mixed anodic oxides of the alloys elements, which
can be controlled for a wide range of tube geometries and properties, another
future work could be dedicated to evaluate the electrochemical properties and
biocompatibility of nanotubes result from anodizing of titanium alloys.
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